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ABSTRACT
Studies toward Tetrahydrofuran-containing Natural Products: Total Synthesis of
Amphidinolide C and Oxylipids
Sudeshna Roy
Doctor of Philosophy
University of Missouri – St. Louis
Prof. Christopher D. Spilling, Advisor

Tetrahydrofurans (thf) and tetrahydropyrans (thp) are important structural motifs found in
a broad array of biologically relevant natural products such as polyether antibiotics and
acetogenins. Classic methods used for thf- or thp-ring synthesis have their own
advantages and disadvantages which tend to be substrate specific. Therefore,
development of new and efficient methods is imperative especially to address the issue of
diastereoselectivity when attainment of both cis- and trans-2,5-thf (or 2,6-thp) is highly
desirable.
Herein, a strategy of cross-metathesis and Pd(0)-catalyzed cyclization, useful for
obtaining both cis- and trans-2,5-disubstituted thf (or 2,6-disubstituted thp), will be
discussed along with its application in the synthesis of amphidinolide C and oxylipids.
Amphidinolide C, a complex macrolide isolated from Okinawan marine dinoflagellates,
exhibits in vitro cytotoxicity against human skin cancer cells at a low nano-molar range.
Oxylipids isolated from Australian brown algae show strong activity against parasitic
nematodes. This dissertation embodies investigations, synthetic efforts, and insights in
achieving the total synthesis of these marine natural products.
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CHAPTER 1: Synthetic Efforts toward Tetrahydrofuran-ring Systems in the
Amphidinolide Family

Roy, Sudeshna, 2012, UMSL, p.2
1.1 The amphidinolide family
The amphidinolides1 are a diverse group of 39 unique biologically active natural
products. They were isolated from a symbiotic marine dinoflagellate Amphidinium sp. by
Kobayashi and co-workers in Japan. Although the amphidinolides share the same
biological origin, they possess quite a diverse molecular architecture. All the members of
the family show a varied level of cytotoxicity against several tumor cell lines. Amongst
them, amphidinolides B 1.4, C 1.2, G 1.8, H 1.12, and N 1.10 (Figure 1.1 and 1.2) are the
most potent and exhibit in vitro cytotoxicity against several human tumor cell lines in low
micro-molar to nano-molar range.2

Figure 1.1 Amphidinolides C, F, and U
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Figure 1.2 Other amphidinolides
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The variations in the ring size, 12 to 29 and different functional groups, make
each one of the amphidinolides structurally unique. Some of the amphidinolides shares
common features. Amphidinolides B 1.4, D, G 1.8, and H 1.2 are structurally quite
similar possessing allyl epoxy functionality whereas amphidinolides C 1.2, F 1.1, U 1.3,
E 1.9, K 1.11, and T1 1.13 possess differently substituted tetrahydrofuran rings. In fact,
amphidinolides C 1.2 and F 1.1 have identical 24-carbon macrolactone core and differs
only at the C29 side chain. Similarly, amphidinolides C and U possess seemingly
identical C13–C34 and C8–C29 units, respectively. Alternatively, amphidinolides J 1.5,
R 1.6, and S 1.7 differ only in the oxidation state at C(9) center and the size of the
macrolactone ring. In this chapter, synthetic efforts toward tetrahydrofuran-ring
containing amphidinolides will be discussed.
1.2 Synthetic efforts toward tetrahydrofuran ring-containing amphidinolides
Tetrahydrofurans (thf) and tetrahydropyrans (thp) are important structural motifs in
many biologically active natural products,3 such as polyether antibiotics, acetogenins, Cglycosides, and also amphidinolides. Amphidinolides C 1.2, F 1.1, U 1.3, E 1.9, K 1.11,
and T1 1.13 contain differently substituted thf-rings. Figure 1.4 illustrates few examples
of compounds that contain thf and thp ring systems other than the amphidinolides.
Mucocin 1.14 which is an annonaceous acetogenin, exhibits selectivity against A-549
lung and PACA-2 pancreatic solid tumor cell lines4. Bryostatin 1 1.155, a macrolactone
isolated from the marine bryozoan, Bugula neritina shows modulatory protein kinase C
(PKC) activity. It is a potent anti-cancer agent, which also shows selective activity
against leukemia. Naturally occurring diastereoisomeric oxylipids6 isolated from
Australian brown algae contain both the cis and trans isomers of thf ring. The oxylipids
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1.16 and 1.17 are selective inhibitors of larval development in parasitic nemoatodes.7 The
biological activity and synthesis of oxylipids will be discussed in detail in chapter 4.

Figure 1.3 Tetrahydrofuran and tetrahydropyran containing few important natural
products
Numerous approaches have been investigated thus far toward the synthesis of thf and
thp containing molecules. Traditional approaches include oxidation of dienes and
hydroxy alkenes, intramolecular addition of alcohols to epoxides and alkenes, and
application of the chiral pool (carbohydrates) via reduction or nucleophilic addition of
carbon nucleophiles to oxocarbenium ions.8 Each of these methods has its own
advantages and disadvantages which tend to be specific to each substrate or target
molecule. In this section, different synthetic effort toward thf-ring containing
amphidinolides fragments will be discussed.
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1.2.1 Spilling’s thf-ring synthesis in amphidinolide C
Spilling and Paudyal9 employed the Tamaru reaction, cross metathesis, and DBUmediated cyclization as their general strategy for the synthesis of the C3-C6 thf-ring in
the bottom half of amphidinolides C and F (Scheme 1.1). The Tamaru reaction involves
nickel catalyzed reductive coupling of different aldehydes 1.18, hemiacetals, and
epoxyaldehydes with isoprene 1.19 to generate bis-homoallylic alcohols 1.20. Cross
metathesis with acrylates generates ε-hydroxy-α,β-unsaturated esters 1.22 which undergo
base-catalyzed cyclization to yield the 2,3,5-trisubstituted thf moiety 1.23 present in
amphidinolides C and F.

Scheme 1.1 General strategy for the 2,3,5-trisubstituted thf synthesis employed by
Spilling and Paudyal
Synthesis of 2,3,5-trisubstituted thf-ring from erytholactol
Homoallylation of hemiacetals 1.26 (TBS protected) and 1.27 (acetonide
protected) with isoprene 1.28 afforded two diastereomers from each reaction 1.29a/b and
1.30a/b, respectively (Scheme 1.2). The crystal structure revealed that the minor
diastereomer (1.29a and 1.30a) possesses the correct absolute and relative
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stereochemistry required for amphidinolides C and F. A more favorable outcome was
achieved using acetonide protected hemiacetal as the starting material. The mixtures of
diastereomers 1.30a and 1.30b were produced in 1:3 ratio. Homoallylation of the TBS
protected hemiacetal 1.26 generated a mixture of diastereomers 1.29a and 1.29b in 1:6
ratio.

Scheme 1.2 Homoallylation of erytholactol
The minor isomers 1.29a and 1.30a possessing the desired stereochemistry, were
subjected to cross metathesis and DBU mediated cyclization (Scheme 1.3). The di-TBS
protected alkenol 1.29a and acetonide protected alkenol 1.30a were coupled to methyl
acrylate using Grubbs second generation catalyst and CuI as a co-catalyst. The cross
metathesis products 1.31 and 1.32 in presence of DBU afforded the desired C3-C6
trisubstituted thf-ring containing fragment in amphidinolide C 1.33 and 1.34 respectively.
Unfortunately, cyclization of the di-TBS protected metathesis product 1.31 proceeded
with migration of the silyl group. The TBS group migrated from secondary 1.33 to the
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primary 1.34 position. However, the acetonide protected substrate 1.32 cyclized smoothly
to give a single product 1.35.
To circumvent the above problems of poor diastereoselectivity leading to the
desired isomer as the minor component as well the unwanted silyl migration in the base
mediated cyclization step, Spilling and Paudyal reported an alternative route.

Scheme 1.3 Spilling’s C3-C6 thf-ring synthesis in amphidinolide C
Synthesis of 2,3,5-trisubstituted thf-ring from epoxycinnamaldehyde
The alternate route exploited the versatility of the epoxide functional group and
employed homoallylation of epoxycinnamaldehyde 1.36 with isoprene 1.28 (Scheme
1.4). Homoallylation of 1.36 gave a 2.5:1 mixture of diastereomers 1.37 and 1.38 in 63%
yield with the major diastereomer possessing the correct configuration (determined by the
Mosher ester method). Cross metathesis with methyl- or ethylacrylate furnished the α,βunsaturated esters 1.39 and 1.40 mixture in decent yields of 58 to 59%. The subsequent
DBU-mediated cyclization proceeded smoothly yielding the desired 2,3,5-trisubstituted
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thf-ring 1.41 and 1.42 as single isomers. The substrates 1.41 and 1.42 were further
elaborated into the C1-C7 1.43 fragment of amphidinolide C.

Scheme 1.4 Spilling’s alternate route toward thf-ring synthesis in amphidinolide C
1.2.2 Pagenkopf’s thf synthesis in amphidinolide C
Pagenkopf and co-workers used a Mukiyama aerobic oxidative cyclization in
presence of molecular oxygen to construct the C20-C23 trans-thf ring of amphidinolides
C and F (Scheme 1.6).10 Alkenol 1.44 was cyclized under oxidative conditions using the
second generation cobalt catalyst 1.45 to give the thf 1.46. The catalyst had been
developed by Pagenkopf and co-workers for constructing thf rings with superior yields,
which also simplified the purification process.11 Although this method has been used
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widely in the total synthesis of natural products like aplysiallene, 12 bullatacin,13
asimilobin,14 and mucocin,15 it is capable of generating only trans-thf rings.

Scheme 1.5 Pagenkopf’s thf-ring synthesis in amphidinolide C
1.2.3 Figadère’s thf synthesis in amphidinolide C
The C1-C9 unit of amphidinolide C, C2, and F contains a trans-thf ring with a
methyl group at C4 position. Figadère and co-workers16 employed a diastereoselective
version of vinylogous aldol reaction with siloxyfuran 1.48 catalyzed by TMSOTf to
obtain the desired TMS adduct 1.50 in good yield of 80% and 3:1 diastereoselectivity
(Scheme 1.6). A catalytic hydrogenation under acidic conditions followed protection of
the hydroxyl group resulted in the tri-TBS ether 1.51 and also installed the C4 methyl
group diastereoselectively. Reduction of the lactone by DIBAL-H followed by Cglycosylation with oxazolidinethione 1.53 as a titanium enolate eventually led to the
desired C4 methylated trans-thf ring 1.54 with high diastereoselectivity (>20:1).
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Scheme 1.6 Figadère’s thf-ring synthesis in amphidinolide C
1.2.4 Armstrong’s thf-ring synthesis in amphidinolide C
Armstrong and

co-workers17

used

a

novel

one-pot

Sharpless

mono-

dihydroxylation of the dienoate 1.55 followed by in situ Michael addition to assemble the
C20-C23 thf-ring unit in amphidinolide C. Unfortunately, the base (DBU, EtONa in
EtOH/THF) promoted Michael addition step was very low yielding and predominantly
gave the undesired cis-thf isomer (trans/cis = 3:2). However, a two-step process of
Sharpless mono-dihydroxylation followed by iodocyclization gave them the desired
trans-thf ring 1.57 in a moderate 3:1 diastereoselectivity and 73% enantiopurity (Scheme
1.7). The enantiopurity improved further to 93% after recrystallization. Deiodination was
achieved by tributyltin hydride/cat. AIBN in toluene.
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Scheme 1.7 Armstrong’s C20-C23 thf-ring synthesis of amphidinolide C
1.2.5 Kobayashi’s thf-ring synthesis in amphidinolide C
Kobayashi and coworkers18 synthesized the trisubstituted-thf ring in the C1-C9
fragment of amphidinolide F from D-glutamic acid 1.59 (Scheme 1.8). The C1-C9 and
C17-C29 fragments of amphidinolide F were reported in their study of determination of
absolute configurations and stereochemical assignments. The butyrolactone 1.60 was
reduced to the lactol which was converted to an α,β-unsaturated ester 1.61 by Wittig
olefination. The α,β-unsaturated ester 1.61 was subjected to TBAF-mediated Michael
addition to afford the desired C3-C6 thf-ring 1.62 diastereoselectively.

Scheme 1.8 Kobayashi’s C3-C6 thf-ring synthesis in amphisinolides C and F
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Using a similar strategy, the 2,5-disubstituted C20-C23 thf-ring was obtained
from butyrolactone 1.63 (also obtained from D-glutamic acid 1.59) (Scheme 1.9).19 The
α,β-unsaturated ester 1.64 was subjected to TBAF-mediated Michael addition to afford
the desired C3-C6 trans-thf ring 1.65 along with undesired cis-thf ring 1.66 in 1:1 ratio.

Scheme 1.9 Kobayashi’s C20-C23 thf-ring synthesis in amphidinolide F
1.2.6 Roush’s thf-ring synthesis in amphidinolides C and E
The substituted tetrahydrofuran units in amphidinolide C were constructed via an
efficient chelate-controlled [3+2]-annulations of aldehydes and chiral allylic silanes
developed by Roush and workers.20 The C20-C23 thf-ring synthesis commenced with
silylboration of aldehyde 1.67 followed by TBS-protection to afford the αhydroxylallylsilane 1.68. Treatment of 1.68 with ethyl glyoxalate in presence of SnCl4
provided the [3+2] annulation adduct 1.70 comprising of the C20-C23 thf ring as a single
diastereisomer, which proceeded via syn-synclinal transition state 1.69 (Scheme 1.10).21
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Scheme 1.10 Synthesis of the C20-C23 thf-ring of amphidinolide C
The required 2,5-trans C3-C6 thf 1.72 was accessed by SnCl4-promoted chelatecontrolled [3+2]-annulation reaction of crotylsilane 1.71 and glyoxalate in very high
diastereoselectivity of >20:1 (Scheme 1.11).22

Scheme 1.11 Roush’s synthesis of the C3-C6 thf-ring of amphidinolide C via [3+2]annulation reaction
Amphidinolide E 1.9 contains a cis-thf ring which was constructed by Roush and
co-workers using a stereocontrolled [3+2]-annulation reaction of the advanced aldehyde
intermediate 1.73 and allylsilane 1.74 in the presence of BF3•Et2O (Scheme 1.12).23
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However, the reaction yield was very modest because of tendency of the aldehyde 1.73 to
cyclotrimerize under the reaction conditions. Roush’s strategy is highly efficient because
of the modularity of the method in accessing the trans-thf (chelate-controlled annulation)
along with the C-4 methyl substitution in C3-C6 thf-ring in amphidinolide C and the cisthf (non-chelate annulation) isomer in amphidinolide E.

Scheme 1.12 Roush’s synthesis of the thf-ring of amphidinolide E
1.2.7 Mohapatra’s thf-ring synthesis in amphidinolide C(F) and U
Mohapatra and co-workers accomplished the C20-C23 thf-ring unit in the upper
half of amphidinolide C by using a Mioskowski’s Lewis acid catalyzed regioselective
epoxide ring 1.77 opening with alcohol 1.76 followed by ring-closing metathesis
(Scheme 1.13).24 Cu(OTf)2-catalyzed alcohol addition to the epoxide followed by
benzylation of the secondary hydroxyl group afforded the diene moiety 1.78. The thf-ring
unit 1.79 was constructed by RCM using Grubbs second generation catalyst followed by
hydrogenation in the presence of Pd/C in ethyl acetate at normal temperature and
pressure.
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Scheme 1.13 Mohapatra’s C20-C23 thf-ring synthesis in amphidinolide C
The C3-C6 thf-ring unit of amphidinolide C was accomplished via a tandem
Sharpless asymmetric dihydroxylation-SN2 cyclization of an α,β-unsaturated ester
(Scheme 1.14).25 Mohapatra’s synthesis commenced with TBS protected hydroxyl
methyl butyrolactone 1.80 which was obtained from L-glutamic acid. The C4-methyl
group in the lactone 1.81 was installed by a stereoselective methylation with LDA and
MeI. Reduction of the lactone by DIBAL-H following a Wittig reaction with
ethoxycarbonylmethylene-triphenylphosphorane (Ph3PCHCO2Et) generated the α,βunsaturated ester 1.82 with E-geometry as the major isomer (E/Z =9:1; Z-isomer
separated by column chromatography). Eventually, converting the hydroxyl group to a
mesyl ester followed by a Sharpless asymmetric dihydroxylation under standard
conditions gave the desired C4-methylated trans-thf ring 1.83. It is to be noted that the
technique employed by Mohapatra and co-workers to construct the desired methylated
thf-ring is efficient in producing the desired trans-isomer. Although not mentioned in the
report, the Sharpless asymmetric dihydroxylation could be used in generating cis-isomer
by using a different isomer of the catalyst.
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Scheme 1.14 Mohapatra’s C3-C6 thf-ring synthesis of amphidinolide C
Amphidinolide U 1.3 also contains a 2,5-disubstituted trans-thf ring similar to
amphidinolide

C.

Mohapatra

and

co-workers

employed

the

same

tandem

dihydroxylation-SN2 cyclization protocol to construct the C15-C18 thf-ring 1.87 of
amphidinolide U (Scheme 1.15).26 Mitsunobu inversion conditions were used to install
the desired stereochemistry of the C19-hydroxyl group.

Scheme 1.15 Mohapatra’s C15-C18 thf-ring synthesis in amphidinolide U
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1.2.8 Lee’s thf-ring synthesis in amphidinolide E and amphidinolide K
Amphidinolide E 1.9, a unique 18-membered macrolide contains a 2,5disubstituted cis-thf ring. Lee27 employed a radical cyclization of an advanced β-alkoxy
acrylate intermediate 1.89 promoted by tris(trimethylsilyl)silane (Scheme 1.16). The βalkoxy acrylate 1.89 was prepared by selective tosylation of the primary hydroxyl group
and subsequent treatment with ethyl propionate followed by substitution of the tosylate
group with iodide.

Scheme 1.16 Lee’s thf-ring synthesis of amphidinolide E
Amphidinolide K 1.11, yet another cytotoxic macrolide, contains a 2,5disubstituted-cis-thf ring with an exocyclic methylene unit at C14 position. Lee and coworkers, once again employed the very efficient radical cyclization of β-alkoxyacrylate
mediated by tributylstannane and triethylborane (Scheme 1.17). The desired βalkoxyacrylate 1.93 was obtained from the known homopropargylic alcohol 1.92. The
radical cyclization proceeded smoothly to afford the cis-disubstituted oxalane
intermediate 1.94 in 16:1 ratio.28
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Scheme 1.17 Lee’s thf-ring synthesis of amphidinolide K
1.2.9 Williams thf-ring synthesis in amphidinolide K
Williams and co-workers29 employed a base-mediated cyclization to incorporate
the thf-ring in amphidinolide K 1.11. The hydroxyl group in the advanced stannyl
intermediate 1.95 was protected as a mesylate which was then subjected to K2CO3 in
methanol (Scheme 1.18). The desired thf ring 1.96 was obtained by deprotection of the
benzoyl ester followed by subsequent intramolecular cyclization displacing the mesylate.

Scheme 1.18 Williams thf-ring synthesis of amphidinolide K
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1.2.10 Füstner’s thf-ring synthesis in the amphidinolide T series

Scheme 1.19 Amphidinolide T series
The amphidinolide T-series T1 1.13, T2 1.97, T3 1.98, T4 1.99, T5 1.100 contains
a disubstituted C8 methylated trans-thf unit and varies at the C12 and C14 center
(Scheme 1.19). Füstner and co-workers assembled the thf moiety by a diastereoselective
Lewis acid mediated alkylation of a silyl enol ether 1.105 with an oxocarbenium cation
derived from sulfone 1.104 (Scheme 1.20).30 The thf derivative 1.104 was prepared from
the tosylated ester 1.101. Reduction with DIBAL-H followed by the reaction of the
resulting

aldehyde

with

(─)-Ipc2B-allyl

at

low

temperature

afforded

the

diastereomerically pure alcohol 1.102. Subsequent reaction with KCN followed by nitrile
reduction with DIBAL-H gave the hemiacetal 1.103 after acidic work up. Eventually,
hemiacetal 1.103 was converted into sulfone 1.104 with as excess of PhSO2H in the
presence of CaCl2 as the dehydrating agent. For constructing the desired thf-ring for
amphidinolide T1, sulphone 1.104 was activated with SnCl4 and the resulting
oxocarbenium ion was trapped by silyl enol ether 1.105. The thf moiety 1.106 was very
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efficiently introduced in amphidinolide T1 by Fürstner and can be modified accordingly
by altering the silyl enol ether derivative. The trans-thf ring was eventually used in the
total synthesis of amphidinolide T1, T3. T4, T5.

Scheme 1.20 Füstner’s thf-ring synthesis in amphidinolide T1

1.2.11 Iqbal’s thf-ring synthesis in amphidinolide T1
Iqbal and coworkers31 applied the oxy-Michael cyclization of the α,β-unsaturated
ester 1.107 to construct the trans-thf ring in amphidinolide T1 1.108 (Scheme 1.21).
Cyclization of α,β-unsaturated ester 1.107 in the presence of NaOMe in MeOH at -15 oC
gave the highest trans-selectivity with concomitant transesterification, thereby installing
the desired trans-thf ring.
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Scheme 1.21 Iqbal’s thf-ring synthesis in amphidinolide T1
1.2.12 Ghosh’s thf-ring synthesis in amphidinolide T1
Ghosh and coworkers32 elaborated the lactone 1.112 into the desired thf-ring
1.113 of amphidinolide T1, which was obtained by acid promoted lactonization of γhydroxy cyanide 1.111 (Scheme 1.22). Reduction of the lactone 1.112 by DIBAL-H
followed by reaction with trimethylsilylethanol and a catalytic amount of p-TsOH
afforded the trisubstituted thf-ring 1.113 as a 3.5:1 diastereomeric mixture. The thf-ring
was further elaborated to complete the total synthesis of amphidinolide T1 1.13.

Roy, Sudeshna, 2012, UMSL, p.23

Scheme 1.22 Ghosh’s thf-ring synthesis in amphidinolide T1
1.2.13 Zhao’s thf-ring synthesis in amphidinolide T3
Zhao and co-workers33 used a SN2 type cyclization to construct the 2,3,5trisubstituted thf moiety in amphidinolide T3 (Scheme 1.23). Treatment of the protected
hydroxyl alkene 1.114 with potassium hydroxide in a mixture of diglyme and ethylene
glycol at 40 oC removed the acetate group and the resulting alcohol underwent immediate
cyclization to give the desired 3-methyl-2,5-trans-tetrahydrofuran 1.115 as a single
isomer. The thf-ring was transformed in several steps to one of the key building blocks
1.116 for the total synthesis of amphidinolide T3 1.98.
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Scheme 1.23 Zhao’s thf-ring synthesis in amphidinolide T3
Conclusion
A broad array of methods has been applied to construct the thf-ring synthesis in
the amphidinolides C, F, U, E, and T-series. Some of the efficient approaches involve
base-mediated and oxidative cyclization of alkenols, [3+2] annulations, radical
cyclizations, and ring closing metathesis. Despite the myriad of strategies used in the thfring synthesis, the development of new and more efficient methods is highly desirable to
achieve improved diastereoselectivity, enantioselectivity, or chemoselectivity.
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CHAPTER 2: Synthesis of the C18-C34 Fragment of Amphidinolide C and C18C29 Fragment of Amphidinolide F
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2.1 Amphidinolide C and amphidinolide F
Background: Isolation and Bioactivity
Amphidinolide C1 2.1 is one of the most cytotoxic members of the amphidinolide
family. It is isolated from three stains (Y-56, Y-62 and Y-71) of dinoflagellate of the
genus Amphidinium, separated from internal cells of the Okinawan marine acoel
flatworm Amphiscolops sp. The dinoflagellates were mass cultured in the laboratory,
which produced 0.3-0.5 g of cells per liter. Extraction of 375 g (wet weight from
approximate 750 L) of harvested cells gave 13 g of crude extract, which after an
extensive purification sequence gave 6 mg of pure amphidinolide C (0.0016% weight
yield). The structure elucidation was done spectroscopically, and the absolute
stereochemistry was determined by Mosher ester formation with degradation of
fragments and some fragment synthesis.

Figure 2.1 Amphidinolides C, F, and C2

Roy, Sudeshna, 2012, UMSL, p.32
Amphidinolide C 2.1 exhibits potent cytotoxicity against murine lymphoma
L1210 and human epidermoid KB cells in vitro (IC50 = 5.8 and 4.6 ng/ml or 7.8 and 6.2
nM, respectively).2 Surprisingly, amphidinolide F3 2.2 which differs from amphidinolide
C 2.1 only by the length of the side chain, exhibits a significant drop in activity (IC50 =
1.5 and 3.2 μg/ml or 2.4 and 5.2 µM respectively). The outstanding difference is due to
their structural diversity only in the side chain, since the core macrocycle remains same,
opens up the possibility of tuning the biological activity by varying the side chain in a
series of synthetic analogs. Recently, amphidinolide C24 2.3 has been isolated from the
strain Y-71 from the Amphidinium species and it differs from the structure of
amphidinolide C just in the C29 position. It has a IC50 value of 0.8 and 3 μg/ml (1.0 and
3.9 µM) against murine lymphoma L1210 and human epidermoid KB cells respectively
(Table 2.1). This observation implies that the 25-membered macrolactone may be
essential for cytotoxicity but the length and structure of the side chain is believed to
affect the cytotoxicity considerably. Most recently, Kobayashi and co-workers have
isolated amphidinolide C35 2.4 and elucidated the structure by spectroscopic and
chemical analysis. The cytotoxicity of amphidinolide C3 has not been reported yet.
Table 2.1 Cytotoxicity (IC50 in µM) of amphidinolides C, F, and C2 against cancer
cells lines
Natural Products

Murine Lymphoma L1210 Human epidermoid KB

Amphidinolide C 2.1

0.0078

0.0062

Amphidinolide F 2.2

2.43

5.19

Amphidinolide C2 2.3

1.05

3.96
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The isolation and testing of natural products has led to some novel and intriguing
compounds for combating cancer and revealed unique and selective modes of action.
Due to the high level of cytotoxicity (nM), amphidinolide C can be considered very
potent when compared to many natural products targeted for synthesis. Yet little is
known about the mode of action of amphidinolide C. The extremely low yields isolated
from cell cultures, the potent biological activity, structural diversity and the relationship
of the side chain length to biological activity makes amphidinolide C an attractive target
for synthesis. The syntheses of several fragments of amphidinolides C and F have been
reported, but they have not succumbed to total synthesis yet.6 In this chapter, a
convergent synthesis of amphidinolides C 2.1 and F 2.2 will be delineated which would
allow the preparation of the side chain derivatives to determine important structural
features required for higher biological activity.
2.2 Retrosynthetic analysis of amphidinolides C and F
In our retrosynthetic analysis, amphidinolides C, F, and C2 are divided into four
fragment: the northern C18-25 2.5, the southern C1-C9 2.6, and the western C10-C17 2.7
fragments and the side chains of amphidinolide C (C26-C34) 2.8 and amphidinolide F
(C26-C29) 2.9 as shown in Figure 2.2. The northern fragment will be coupled to the side
chain aldehydes by a Horner-Wadsworth-Emmons (HWE) olefination reaction. This
approach appeared ideal for the synthesis of the C18-C34 fragment of amphidinolide C
and the C18-C29 fragment of amphidinolide F. In general, it is quite flexible and allows
preparation of a variety of side chain analogs for structure activity relationship studies.
The combined northern fragment along with the side chains attached will then be
connected to the western fragment by coupling the sulfone anion and to an aldehyde. The
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southern fragment will be connected to the northern fragment via ester formation. Finally,
the western and southern fragment ends will be linked using a Stille coupling to complete
the macrocyclization of this natural product. Alternatively, the Stille coupling joining the
western and the southern fragment could be carried out first followed by
macrolactonization using Yamaguchi coupling conditions. In this chapter, our synthetic
efforts toward the northern fragment 2.5 and side chain aldehyde 2.8 is be described in
detail.

Figure 2.2 Retro synthesis of amphidinolides C and F
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2.3 Synthesis of the northern fragment
The northern C18-C25 fragment 2.5 of amphidinolides C and F from our analysis
is a 2,5-trans-tetrahydrofuran ring containing β-ketophosphonate. The β-ketophosphonate
2.45 can subsequently undergo Horner-Wadsworth-Emmons (HWE) olefination reactions
and can be obtained from vinyl phosphonate 2.44.6a The modularity of the HWE
approach allows flexibility in accessing different side chain length, important for
structure-activity-relationship studies. We envisioned formation of the 2,5-transtetrahydrofuran ring by Pd(0)-catalyzed cyclization and cross metathesis between
enantiomerically pue phosphono allylic carbonate 2.17 and hydroxyl alkene 2.42.
Different methodologies for the formation of 2,5-disubstituted tetrahydrofuran (thf) rings
and synthetic efforts toward thf-ring containing amphidinolides were described in detail
in Chapter 1. In this section, our efforts toward the synthesis of chiral phosphono allylic
carbonates, 2,5-disubstituted tetrahydrofurans, and β-ketophosphonates will be discussed
in detail.

Roy, Sudeshna, 2012, UMSL, p.36
Figure 2.3 Retrosynthesis of the northern fragment
2.3.1 Strategy toward tetrahydrofurans via cross metathesis and Pd(0)-catalyzed
cyclization
Phosphono allylic carbonates: Background and Preparation
Phosphono allylic carbonates are important building blocks for the synthesis of
complex and interesting biologically active molecules.7 Methods optimized for obtaining
both the enantiomers of phosphono allylic carbonates are particularly advantageous.
Differentially substituted phosphono allylic carbonates which are useful intermediates for
various natural products syntheses could be obtained from a single, simple phosphono
allylic carbonate. In this section of Chapter 2, synthesis and applications of (S)- and (R)phosphono allylic carbonates in cross metathesis and Pd(0)-catalyzation will be
discussed.
The α-hydroxy phosphates 2.13 and 2.14 (Scheme 2.1) were prepared by
asymmetric phosphonylation of acrolein catalyzed by Ti(Oi-Pr)4 and dimethyl tartrate
(DMT).8 D-DMT gave the (S)-hydroxyphosphonate whereas L-DMT gave the (R) isomer.
The enantiomeric excess of the non-racemic hydroxyl phosphonates was determined by
31

P NMR spectroscopy with quinine as a shift reagent. The method reported by Spilling

and co-workers8 is general, inexpensive, high yielding and scalable, but compounds of
only moderate enantiomeric excesses (ee) ranging from 75 to 80 % were generated. To
improve the enantiomeric excess, the amplification of the moderate enantiopure
substance using a kinetic resolution was necessary.
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Scheme 2.1 Preparation of phosphono allylic carbonates
The hydroxy phosphonates were converted to their corresponding carbonates for a
two of reasons. The carbonate group at the α-position serves as an excellent leaving
group for any Pd(0)-catalyzed chemistry. They also serve as substrates for enzymatic
amplification reactions. Therefore, the α-hydroxy phosphonates 2.13 and 2.14 were
converted to the corresponding methyl carbonate derivatives 2.15 and 2.16 using methyl
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chloroformate, pyridine, and N,N-dimethylaminopyridine (DMAP). At this point high
enantiopurity of phosphono allylic carbonates was desired because of the envisaged
application in palladium π-allyl chemistry. High enantiopurity was achieved by enzyme
mediated kinetic resolution of carbonates of moderate enantiopurity.
Amongst the different lipases that were screened, (R)-selective Amano lipase
AYS gave excellent enantioselectivity. In fact, treatment of (S)-carbonate 2.15 of 65-70%
ee with immobilized lipase AYS in t-BuOMe and pH 7 phosphate buffer hydrolyzed the
(R)-carbonate and yielded the desired (S)-carbonate 2.17 in very high enantiomeric
excess (>95%) along with the water soluble (R)-hydroxy phosphonate 2.18. Similarly,
(S)-selective Candida Antartica Lipase (CALB) hydrolyzed the (S)-carbonate and gave
the (R)-carbonate 2.16 with high selectivity. Using t-BuOMe and pH 7 phosphate buffer,
CALB provided the enantiomerically pure (R)-carbonate 2.19 along with the water
soluble (S)-hydroxy phosphonate 2.20.9 Immobilization of an enzyme offers several
benefits such as greater stability of the enzyme to various denaturants; more importantly
ease in product separation, facile recovery, and in theory reuse of the enzyme which
would help in reducing the cost of final product. Immobilized CALB gave excellent
enantioselectivity and could be reused up to 5 times without loss of enantiopurity.
However, attempts at reusing the immobilized lipase AYS were not satisfactory. Multiple
reuses resulted in diminished selectivity for the (S)-carbonates and ultimately failed to
yield very high enantiopure substrates.
These optically pure isomers of the simple phosphonoallylic carbonate serve as
important building blocks and can be further functionalized by cross metathesis and
palladium-catalyzed reactions. Spilling and co-workers have used these intermediates in
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the synthesis of several important biologically active natural products, for example,
amphidinolides C and F, centrolobine, and oxylipids. In this chapter, the role of both the
isomers of carbonates will be discussed in the total synthesis of diastereoisomeric
oxylipids.
Cross metathesis
Cross metathesis is a carbon-carbon bond forming reaction catalyzed by a
transition metal-alkylidene complex in which a new olefin is formed from two different
olefins. The mechanism is believed to proceed via a series of [2+2] cycloadditions
between the metal alkylidene complex and the olefins (Scheme 2.2). The metal
alkylidene first undergoes [2+2] cycloaddition with one olefin 2.21 to form a
metallacyclobutane intermediate, which undergoes a retrocycloaddition releasing a new
olefin and generating a new metal alkylidene complex. The new metal alkylidene
complex undergoes another [2+2] cycloaddition and retrocycloaddition through a similar
process with another olefin 2.22 to form the metathesis product 2.23.

Scheme 2.2 Mechanism of olefin metathesis
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When the starting olefin is asymmetric, competing reactions can occur leading to
the formation of the desired heterodimer as well as the undesired homodimer. Cross
metathesis is a thermodynamic process where the ratio of the heterodimers and
homodimers is determined by the stability of the dimers and the R1 and R2 substituents.
Usually, trans is the preferred geometry but the cis olefin is also formed under certain
reaction conditions. Trans selectivity is thought to be favored due to the formation of
trans-α,β-disubstituted metallocyclobutane intermediates.13 Ruthenium based catalysts
are most commonly used in olefin metathesis for example, Grubbs I 2.24,14 Grubbs II
2.25, and Hoveyda-Grubbs II 2.2615 (Figure 2.3). Cross metathesis of phosphorous
containing olefins, mainly vinyl and allyl phosphonates with functionalized olefins have
found extensive use in organic synthesis.46

Figure 2.3 Ruthenium based catalysts for olefin metathesis
Palladium(0)-catalyzed cyclization
Allylic palladium complexes have been used extensively in the asymmetric
synthesis of carbocyclic as well as heterocyclic moieties bearing variety of different
functional groups.16 In fact, inter- and intramolecular nucleophilic additions have
emerged as the key processes for the generation of C-C, C-N, and C-O bonds based on
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the usage of carbon (allylic alkylation),17 nitrogen (allylic amination),18 and oxygen
(alkoxylation)19 nucleophiles respectively.
Scheme 2.3 outlines the general mechanism of nucleophilic addition to
organopalladium-π-complexes. The reaction starts with an oxidative addition of the Pd(0)
catalyst LnPd(0) to the allylic substrate 2.27 which proceeds via inversion of
configuration. A second inversion of configuration takes place when the nucleophile
attacks from the less hindered side of the π-allyl complex 2.30 and results in an overall
chirality transfer.20 In this case, the nucleophile exclusively adds to the C3 position with
the double bond migrating in conjugation to the phosphoryl group. The reaction pathway
is predictable due to the high regioselectivity and overall chirality transfer. Palladium πallyl chemistry has evolved as a reliable and very useful reaction in the preparation of
important chiral building blocks.

Scheme 2.3 Mechanism in Pd(0) catalyzed π-allyl reaction
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A number of different oxygen nucleophiles have been used in inter- and intramolecular Pd(0)-catalyzed allylic etherifications and esterifications.9 The palladiumcatalyzed cyclizations of phosphono allylic carbonates with a pendant hydroxyl group
and amino group have been further investigated by Spilling and co-workers (Scheme
2.4).9, 12, 23 Although the intermolecular addition of oxygen nucleophiles can be difficult
sometimes, the corresponding intramolecular addition is quite smooth and proceeds by
chirality transfer as demonstrated by Stork.21, 22 Trost later explored the regioselectivity
for this cyclization and found that the ring size preference is 5>6>7. Also, primary,
secondary, and tertiary nucleophiles were all viable.
Spilling and He12 demonstrated that phosphono allylic carbonates are useful
intermediates for palladium catalyzed cyclization to give the cis- and trans-2,5disubstituted tetrahydrofurans (thf) and 2,6-disubstituted tetrahydropyrans (thp)
selectively (Scheme 2.5). Proof of chirality transfer was determined by HPLC analysis.
The ring size has a pronounced effect on this cyclization. Formations of 5- and 6membered cyclic ethers (n = 1, 2) 2.32 proceeded smoothly with very high yields.
Unfortunately, formations of 7- and 8-membered (n = 3, 4, and higher numbers) cyclic
ethers were unsuccessful. A small amount of the desired products along with a majority
of the elimination products were observed by NMR analysis.23
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Scheme 2.4 Stereoselective synthesis of cyclic ethers
Synthesis of cyclic ethers
The general strategy for the synthesis of cyclic ethers employed by Spilling and
co-workers involves cross metathesis and palladium-catalyzed cyclization (Scheme 2.5).9,
12, 23

The substituted phosphono allylic carbonates 2.31 and 2.34 were prepared by cross

metathesis of the alkenols 2.33 with acrolein derived phosphono carbonates 2.19 and 2.17
using Grubbs second generation catalyst 2.25 and CuI as a co-catalyst. Reaction of the
phosphono allylic carbonates in the presence of Pd(PPh3)4 or Pd2(dba)3/dppe in THF and
Hunig’s base at elevated temperature gave the corresponding diastereoisomeric
tetrahydrofuran and tetrahydropyran (E)-vinyl phosphonates 2.32 and 2.35. Therefore, by
carefully choosing the coupling partners in the cross metathesis step, any of the 2,5disubstituted thf and 2,6-disubstituted thp isomers can be selectively prepared. Due to
the flexibility and the modularity, Spilling and co-workers have used this methodology in
the synthesis of a number of thf and thp ring containing biologically important natural
products including amphidinolide C,10 oxylipids,11 and centrolobine.12
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Scheme 2.5 General strategy for stereoselective cylic ether synthesis employed by
Spilling and co-workers
2.3.2 Synthesis of vinyl phosphonate of the northern fragment
The synthesis of the northern fragment commenced with 3-butenol 2.36 which
was converted to hydroxyl alkene 2.42 by methods reported in the literature (Scheme
2.6).24 Oxidation of para-methoxybenzyl (PMB) protected 3-butenol 2.37 with mCPBA
(meta-chloroperoxybenzoic acid) gave the racemic epoxide 2.38. The racemic epoxide
was subjected to hydrolytic kinetic resolution (HKR) in presence of Jacobsen’s cobalt (II)
salen catalyst 2.39, AcOH, H2O and O2 as reported by Jacobsen and co-workers. HKR
yielded the (S)-epoxide 2.40 in >95% enantiomeric excess along with the diol 2.41.25
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Reaction of the (S)-epoxide 2.40 with allylmagnesium bromide and CuI furnished the
hydroxyalkene 2.42 in 86% isolated yield. In fact, the allyl Grignard addition to the
epoxide turned out to be very high yielding (~99%) in absence of CuI when freshly
prepared allylmagnesium chloride was used.6a

Scheme 2.6 Synthesis of chiral epoxide and hydroxyalkene
An asymmetric Pudovik reaction followed by enzymatic kinetic resolution
provides excellent routes for the synthesis of nonracemic phosphono allylic carbonates.
This, in fact sets the stage for cross metathesis to introduce the desired complex
functionality. It is easy to produce single and structurally simple phosphonates in high
enantiomeric excess, high yield, and large quantities. This would serve as a convenient
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precursor to more complex substituted allylic α-hydroxy phosphonates as well as
carbonates by a cross metathesis reaction of an acrolein-derived phosphonate and a
functionalized olefin.

Scheme 2.7 Cross metathesis of phosphono allylic carbonate and hydroxy alkene
In the synthesis of the northern fragment, cross metathesis was employed to
introduce appropriate functionality (hydroxyl group in this case) required for subsequent
palladium π-allyl chemistry. The cross metathesis reaction between terminal alkenol 2.42
and the (S)-carbonate 2.17 (>95% ee) using Grubbs second generation catalyst 2.25 and
CuI as a co-catalyst proceeded smoothly to give the phosphonoallylic carbonate 2.43 as
the major product in 78% yield as a ≥9:1 mixture of E and Z isomers (determined by 31P
and 1H NMR), which were inseparable by column chromatography (Scheme 2.7). Cross
metathesis without CuI for other similar substrates were very sluggish and often required
3 days to achieve good conversions and gave modest isolated yields. Use of copper (I)
halides as an additive drastically improved the reaction rate. Blechert and Rivard26 in
their study of the cross metathesis of acrylonitrile demonstrated that copper (I) halides act
as phosphine scavenger and this accelerate the reaction rate significantly which is
otherwise very slow. Spilling and He12 in their study of cross metathesis of
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phosphonoallylic carbonates with functionalized alkenes observed that, in fact, CuI
promoted complete conversions to the product in 3-4 h whereas CuCl resulted in about
80% conversion over 12-24 h. 9, 23
The desired 2,5-trans-tetrahydrofuranyl-(E)-vinyl phosphonate of the northern
fragment of amphidinolides C and F was synthesized by the strategy elaborated in the
previous section. Palladium(0)-catalyzed cyclization of the substituted phosphono allylic
carbonate 2.43 in presence of tetrakis(triphenylphosphine)palladium(0) [Pd(PPh3)4] and
Hunig’s base furnished the vinyl phosphonate 2.44 in 88% isolated yield along with 5-8%
of the undesired cis isomer (Scheme 2.8).

Scheme 2.8 Syntheis of vinyl phosphonate
2.3.4 Oxidation to β-ketophosphonate
The next challenge was to convert the vinyl phosphonate 2.44 into βketophosphonate 2.45 (Scheme 2.9).

Scheme 2.9 Oxidation of vinyl phosphonate to β-ketophosphonate
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Wacker oxidation
Initially, different Wacker oxidation conditions were attempted to convert the
vinyl phosphonate to β-keto phosphonate. Spilling and He12,

23

have demonstrated that

Wacker oxidation using the conditions designed for electron deficient alkenes
(Na2PdCl4/t-BuOOH) furnished β-keto phosphonates 2.47 and 2.49 in modest yields
although often requiring extended reaction times (Scheme 2.10). Interestingly, vinyl
phosphonates with carbon substituents in the γ-position could be oxidized using the
traditional Wacker oxidation conditions in 3 days in much better yield of >80%.45

Scheme 2.10 Wacker oxidation of vinyl phosphonates
Unfortunately, the same Wacker oxidation conditions using Na2PdCl4/t-BuOOH
when applied to the vinyl phosphonate 2.44 failed to give the corresponding βketophosphonate 2.45 (northern fragment of amphidinolides C and F) (Scheme 2.11).
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Scheme 2.11 Attempted Wacker oxidation of the vinyl phosphonate of the northern
fragment of amphidinolides C and F
In an attempt to investigate other suitable conditions, the ligand-modulated
Wacker oxidation27 using palladium (II) complexes and t-butylhydroperoxide (TBHP)
was carried out. Sigman reported an N-heterocyclic carbene (NHC) modulated Wacker
oxidation using TBHP as an oxygen source and catalyzed by palladium complexes. 27
Unfortunately, Sigman’s Wacker oxidation of using vinyl phosphonate 2.48 using
[Pd(IiPr)Cl2]2 2.52, silver triflate (AgOTf), and excess of TBHP(aq) in methanol failed to
give the β-ketophosphonate 2.49 when attempted on a model vinyl phosphonate 2.48
(Scheme 2.12). Interestingly, the vinyl phosphonate with the t-butylperoxy group 2.50 γ
to the phosphoryl group was obtained as the major product as identified by 1H and

13

C

NMR analysis. The catalyst [Pd(IiPr)Cl2]2 2.52 was prepared by passing HCl gas through
a solution of allylchloro[1,3-bis(2,6-di-i-propylphenyl)imidazol-2-ylidene]palladium(II)
complex 2.51 in ether.
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Scheme 2.12 Attempted Wacker oxidation with N-heterocyclic ligands on palladium
and t-butylhydroperoxide
Hydroboration-oxidation
With the unsuccessful attempts at the Wacker oxidations, other alternative routes
were investigated. Fortunately, an alternative protocol employing a hydroborationoxidation sequence was successful. Hydroboration of the vinyl phosphonate using
bis(pinacolato)diboron

(B2pin2),

(diphenylphosphino)phenyl] ether

copper

(I)

iodide

(CuI)

and

bis[2-

(DPEPhos) as a ligand reported by Yun and co-

workers was indeed efficacious.28 Scheme 2.13 shows the catalytic cycle proposed by
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Yun and co-workers. The diphosphine-copper-boryl complex (LCu-Bpin) 2.53 undergoes
conjugate addition to the α,β-unsaturated carbonyl compounds 2.54. The organocopper
species formed (2.55 in equilibrium with 2.56) reacts with methanol, which acts as a
proton source and generates the β-borylated product 2.57 along with a copper alkoxide
2.58. The latter then reenters the catalytic cycle to regenerate the active catalyst 2.53.

Scheme 2.13 Proposed mechanism of β-boration of α,β-unsaturated carbonyl
compounds
Hydroboration of the vinyl phosphonate 2.44 using B2pin2, CuI and DPEPhos led
to the desired β-borylated product 2.59 in quantitative yield (Scheme 2.14) and as a 1:1
diastereomeric mixture. This did not seem to be problematic because of the subsequent
conversion to a ketone. However, the reproducibility of the reaction turned out to be
highly dependent on the purity of the reagents used.

Furthermore, the β-borylated
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product was unstable and underwent β-elimination upon standing and on exposure to
silica gel. Similar type of elimination of alkyl boronates have been reported in the
literature.29 Consequently, without any further purification the crude β-borylated 2.59
product was immediately subjected to sodium perborate (NaBO3) oxidation. The βhydroxyphosphonate 2.60 was obtained in 72% over 2 steps (1:1 dr) which were
subsequently subjected to Ley’s oxidation.

Scheme 2.14 Synthesis of β-hydroxy phosphonate
Ley’s oxidation
Ley’s oxidation is the conversion of an alcohol to an aldehyde or ketone using
tetrapropylammonium perruthenate (TPAP) and N-methylmorpholine-N-oxide (NMO),
which is also known as the Ley-Griffith reagent. Oxidation of the β-hydroxyphosphonate
2.60 was achieved using catalytic TPAP and NMO in presence of 4 Å molecular sieves
(Scheme 2.15).30 The β-ketophosphonate 2.45 was obtained in 80% yield and thereby
completing the synthesis of the northern C18-25 fragment of amphidinolides C and F.
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The northern fragment would be subsequently used for the HWE olefination reaction
required to assemble the C18-C34 unit of amphidinolide C and C18-C29 unit of
amphidionolide F.

Scheme 2.15 Synthesis of β-ketophosphonate
2.4 Synthesis of the side chain aldehydes
The structural relationship of amphidinolide C, C2 and F and the approximate
1000-fold difference in activity led to the design of new synthetic analogs. Initially, four
analogs were proposed having an incremental change between the structure of the side
chain of amphidinolides C and F (Figure 2.4). Side chain aldehyde 2.67 of amphidinolide
F is commercially available. To achieve a more realistic goal, synthesis of one analog
2.66 was pursued which possesses structural features in between the side chain of
amphidinolide C and amphidinolide F. In this section, synthetic efforts toward the side
chain aldehyde of amphidinolide C as well as the analog will be discussed in detail.
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Figure 2.4 Side chains and their analogs
2.4.1 Synthesis of side chain aldehyde of amphidinolide C
The side chain of amphidinolide C (2.61; Figure 2.4) is comprised of an α,βunsaturated aldehyde, allylic alcohol, and an exo-methelyne group. Out of many fragment
syntheses, only Mohaparta and Pagenkopf have addressed the synthesis of the side chain.
Mohapatra and co-workers6g carried out a chain extension using the Nozaki-HiyamaKishi (NHK) coupling between tetrahydrofuranyl aldehyde 2.68 and vinyl iodide 2.69.
However, the product contained a 1:1 mixture of diastereomers 2.70 and 2.71 which were
separated by column chromatography.
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Scheme 2.16 Mohapatra’s chain extension for the synthesis of C19-C34 unit of
amphidinolide C
Pagenkopf and co-workers6a carried out an enantioselective synthesis of the side
chain 2.72. The lithium acetylide of the side chain was later added to the
tetrahydrofuranyl aldehyde 2.73 in dry methyl t-butyl ether (MTBE) at -90 oC to generate
the C18-C34 unit 2.74 of amphidinolide C in 20:1 diastereoselectivity and 93% yield. In
fact, Pagenkopf reported the first enantioselective synthesis of the side chain containing
C18-C34 unit of amphidinolide C.

Scheme 2.17 Pagenkopf’s stereoselective of synthesis of the C18-C34 unit of
amphidinolide C
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Pagenkopf’s first generation synthesis of the side chain 2.72 commenced with
asymmetric alkynylation of 2-methylenehexanal using the Trost protocol31 (Scheme
2.18). The propargylic alcohol 2.77 was obtained in 90% enantiomeric excess and 85%
yield using the chiral ligand 2.76 and dimethylzinc. Hydroxy directed radical stannylation
of the propargylic alcohol with tributyl tin hydride (Bu3SnH) and triethylborane (BEt3)
gave the sensitive vinyl stannane which was iodinated in situ. TBS protection followed
by Stille coupling with tetramethyltin (Me4Sn) provided 2.79 in decent yield of 64%. The
side chain alkyne 2.72 was obtained after the cleavage of the triethylsilane moiety using
K2CO3 in MeOH. Although, this is an attractive pathway for obtaining the side chain, a
second generation synthesis was pursued due to the difficulties in scaling up and high
cost.

Scheme 2.18 Pagenkopf’s first generation synthesis of side chain of amphidinolide C
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The second generation synthesis started with racemic acetylide addition, oxidation
to a ketone, followed by CBS reduction to afford the propargylic alcohol 2.81 (Scheme
2.19). Routine protecting group manipulations followed by conversion to the propargylic
ester 2.83 proceeded in good yields. The methyl group was installed by copper (I)catalyzed Michael addition to the α,β-unsaturated ester. The desired side chain 2.72 was
obtained by conversion of the ester 2.84 to the corresponding aldehyde followed by a
homologation reaction using Corey-Fuchs conditions.6a

Scheme 2.19 Pagenkopf’s second generation synthesis of side chain of amphidinolide
C
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Attempted first generation synthesis of side chain aldehyde of amphidinolide C
In the first generation synthesis we set out to address the stereochemistry at the
C29 center of the side chain aldehyde 2.61. The reaction sequence started with
ethynylmagnesium bromide addition to the commercially available oxocrotonate
derivative 2.86 (Scheme 2.20) to afford the racemic propargylic alcohol 2.87 in 60%
yield. Enzymatic resolution of the racemic propargylic alcohol was performed using
Novozyme 435 and vinyl acetate in hexanes.32 The desired enantiomerically pure
propargylic alcohol 2.88 and propargylic acetate 2.89 were obtained in 390 and 20
minutes (retention times) respectively in high optical purity. The progress of the reaction
was monitored by chiral GC. In an effort to convert the chiral propargylic alcohol 2.88 to
the allylic alcohol 2.89 copper (I)-catalyzed anti-carbometallation reported by Ma and coworkers was carried out.33 Unfortunately, the anti-carbometallation reaction in presence
of butylmagnesium chloride and CuI at -30 oC in toluene failed to afford the desired
allylic alcohol 2.89 or even its regioisomer. Not surprisingly, the reaction conditions
provided the 1,4-Michael addition adduct 2.90 via addition of butylmagnesium choride to
the α,β-unsaturated ester moiety. In order to circumvent the conjugate addition, the α,βunsaturated ester functionality was reduced to an alcohol. Unfortunately, the protected
alcohol when exposed to the anti-carbometallation conditions failed to give the desired
product.
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Scheme 2.20 Attempted first generation synthesis of amphidinolide C
Second generation synthesis of side chain aldehyde of amphidinolide C
In the second generation synthesis of the side chain aldehyde, Nozaki-HiyamaKishi coupling (NHK) was envisioned as the key transformation. Classical NHK reaction
is a coupling between organohalides and aldehydes using chromium chloride (CrCl2) and
nickel chloride (NiCl2). The mechanism proposed by Nozaki34 is outlined in Scheme
2.21. The alkenyl halide 2.91 undergoes oxidative addition with Ni(0) species which is
generated by the reduction of Ni(II) by Cr(II). The organonickel complex 2.92 undergoes
transmetallation with Cr(III) generating the organochromium intermediate 2.93 which
adds to the aldehyde RCHO to afford the desired product 2.94. NHK coupling is a very
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useful C-C bond forming reaction and used extensively in many natural product synthesis
especially at a late stage in a multiple-step synthesis. The NHK reaction is tolerant
toward an array of functional groups (amide, ester, etc.) and is highly scalable. However,
one of the major limitation is, Cr(+2) being one-electron donor, 2 moles of CrCl2 are
required per mole of halide to form the organochromium intermediate. In reality a large
excess of CrCl2 is required. The toxicity of the chromium (and nickel) salts makes this
versatile reaction not particularly useful for industrial processes. Various catalytic
processes for the Cr-mediated NHK coupling have been reported to avoid the use of large
excess of chromium.35 A catalytic version reported by Fürstner and co-workers35 uses
TMS-Cl and Mn(0) as a dissociating agent of chromium alkoxides and a reducing agent
of chromium, respectively.

Scheme 2.21 Mechanism of NHK reaction proposed by Nozaki
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Several chiral ligands have been reported to address the stereochemical outcome
for the newly formed chiral center under stoichiometric and/or catalytic conditions. Kishi
and co-workers36 have reported catalytic asymmetric Cr-mediated couplings achieved by
catalysts generated from CrCl2 and chiral sulfonamides 2.5. The chiral sulfonamides have
three distinct sites that can be modified into structurally diverse chiral ligands. The Cr
catalysts derived from these chiral sulfonamides allows a broad range of catalystsubstrate scope. However, the generality and effectiveness of the chiral sulphonamide
catalyst system and other chiral ligands37 are limited to some extent when high level of
enantiopurity and diastereopurity are desired.

Figure 2.5 Chiral sulphonamide ligand used for asymmetric NHK coupling
Initially, the NHK reaction between oxocrotonate derivative 2.86 and 2-iodohexene
2.69 failed to produce the desired product.

However, the NHK reaction between

aldehyde 2.102 and the vinyl iodide38 2.69 turned out be promising. Synthesis of the side
chain aldehyde 2.101 started with the PMB protection and subsequent SeO2 oxidation of
the commercially available prenol 2.96 (Scheme 2.22). Allylic oxidations with SeO2 are
often low yielding,39 and in this case, 20-30% of the Z-isomer was also formed. A
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subsequent classic NHK coupling reaction with the aldehyde 2.98 and vinyl iodide 2.69
in presence of stoichiometric CrCl2 and catalytic NiCl2 afforded the alkenol 2.99 in 75%
yield. Additional synthetic manipulations of the alkenol by tert-butylmethylsilyl ether
(TBS) protection, oxidative cleavage of the PMB ether and an allylic oxidation with
MnO2 gave the side chain aldehyde 2.101. It should be noted that the synthesis of the side
chain is racemic in nature. C29 epimers of amphidinolide C will be eventually generated
by coupling the side chain aldehyde 2.101 and β-ketophosphonate 2.45 (northern
fragment). The stereochemistry at C29 center could be addressed by using an asymmetric
version of NHK reaction.36, 37

Scheme 2.22 Synthesis of side chain aldehyde of amphidinolide C
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2.4.2 Synthesis of side chain analog
The analog was designed by simple synthetic manipulations of ethyl 3-methyl-4oxocrotonate 2.86 as exemplified in Scheme 2.23. Reduction of the aldehyde by sodium
borohydride (NaBH4) followed by tert-butyldimethyl silyl (TBS) protection provided the
protected alcohol 2.103 in 97% yield. Reduction of the ester functionality by DIBAL-H
followed by manganese dioxide (MnO2) oxidation afforded the desired analog 2.105 in
decent yield.

Scheme 2.23 Synthesis of side chain analog
2.5 Horner-Wadsworth-Emmons (HWE) olefination and reduction
Synthesis of the C18-C29 unit of amphidinolide F
Synthesis of the β-ketophosphonate (northern fragment) 2.45 and the various side
chains 2.67, 2.101, 2.105 set the stage for HWE condensation reaction. In the beginning,
the HWE olefination turned out to be more difficult than expected. Numerous bases and
solvents [Ba(OH)2 in H2O and THF;40 NaH in THF; NaHMDS in THF; t-BuOK and 18-

Roy, Sudeshna, 2012, UMSL, p.64
crown-6 in THF; LiCl and DBU in CH2Cl2,41 etc.] were screened for the reaction of βketophosphonate

2.45

with

3-methyl-crotonaldehyde

(Scheme

2.24).

To

our

disappointment they all failed to yield the desired product. Eventually, optimized reaction
conditions using anhydrous K2CO3 and 18-crown-6 in toluene provided the desired
dienone in an unsatisfactory 38% yield.42 In an effort to improve the yield, other Group I
carbonates and solvents were screened. To our delight, a reaction using anhydrous
Cs2CO3 in dry isopropanol (i-PrOH) gave dienone 2.106 in 93% yield (Scheme 2.24).43
Interestingly, reactions using Cs2CO3 in CH3CN or CH2Cl2 were unsuccessful. A FelkinAnh controlled reduction44 of the dienone 2.106 at the C24 position using L-selectride
afforded the alcohol 2.107 as a single diastereomer, concluding the synthesis of the C18C29 unit of amphidinolide F. Other reducing agents, such as NaBH4, resulted in a
mixture of diastereoisomers.

Scheme 2.24 HWE reaction and L-selectride reduction in amphidinolide F fragment
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Synthesis of the C18-C34 unit of amphidinolide C
Again, the β-ketophosphonate 2.45 was reacted with the side chain aldehyde
2.101 using Cs2CO3 in i-PrOH yielding the dienone 2.108 in an excellent 93% yield
(Scheme 2.25). Similarly, reduction of the dienone 2.108 with L-selectride provided the
alcohol 2.109 with desired stereochemistry in 94% yield, completing the synthesis of the
C18-C34 fragment of amphidinolide C.

Scheme 2.25 Synthesis of C18-C28 unit of amphidinolide C
Synthesis of the analog
The

substantial

difference

in

cytotoxicities

(c.a.

1000-fold)

between

amphidinolide C and F led us to apply the HWE approach to an analog. HWE olefination
of β-ketophosphonate 2.45 with aldehyde 2.105 and subsequent reduction by L-selectide
afforded the analog 2.110 (Scheme 2.26).
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Scheme 2.26 Synthesis of an analog of northern fragment of amphidinolide C

Roy, Sudeshna, 2012, UMSL, p.67
2.6 Summary
In summary, an efficient synthesis of the C18-C25 northern fragment 2.45 of
amphidinolides C and F has been accomplished. The strategy highlights a novel synthesis
of 2,5disubstituted tetrahydrofurans, which was effected by cross metathesis and Pd(0)catalyzed cyclization. The cross metathesis/Pd(0)-catalyzed cyclization is very flexible
and readily allows access to different isomers of 2,5-disubstituted tetrahydrofuran rings.
Hydroboration-oxidation sequence eventually afforded the β-ketophosphonate. The
northern fragment 2.45 was coupled to three aldehydes using a HWE olefination reaction
to form, after stereoselective reduction, the C18-C29 unit of amphidinolide F 2.107, the
C18-C34 unit of amphidinolide C 2.109, and the synthetic analog 2.110.
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2.7 Experimental methods and data
General Experimental
1

H, 13C and 31P NMR spectra were recorded on a Bruker Avance 300 MHz NMR

spectrometer in CDCl3 at room temperature. 1H NMR spectra were referenced to CDCl3
(7.27 ppm),
and

31

13

C NMR spectra were referenced to the center line of CDCl3 (77.23 ppm)

P NMR spectra were referenced to external 85% H3PO4 (0 ppm). Coupling

constants, J, are reported in Hz. Infrared spectra were recorded on a Thermo Nicolet
Avatar 360 FT-IR spectrometer. Analytical thin layer chromatography (TLC) analyses
were performed on silica gel plates, 60PF254. Visualization was accomplished with UV
light, KMnO4 solution. Enantiomeric excess (ee) were measured by chiral stationary
phase HPLC, or by

31

P NMR spectroscopy using quinine as the shift reagent. Mass

spectral analyses were performed using a JEOL MStation (JMS-700) mass spectrometer;
electron impact (EI) direct insertion at 70 eV, or fast atom bombardment (FAB) [MH+ or
MNa+]. All reactions were conducted under argon atmosphere using oven-dried
glassware unless mentioned otherwise. All of the commercially available chemicals were
purchased from Sigma-Aldrich, Strem or Acros. Methylene chloride was distilled from
CaH2 and THF was dried over alumina column, and then distilled from sodium
benzophenone ketyl under argon atmosphere. Dimethyl phosphite, titanium isopropoxide
were distilled under reduced pressure. Chloroform was distilled at atmospheric pressure.
Most of the enzymes were generously donated by Amano Co., Ltd. USA.
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(S)-epoxide 2.40. To the racemic epoxide 2.38 (10.07 g, 48.38 mmol, 1 eq.) at room
temp., was added the (S,S) salen Co(II) catalyst (0.146 g, 0.24 mmol, 0.5 mol%), AcOH
(55 μL, 0.96 mmol, 2 mol%) and THF (13 mL). The reaction mixture was cooled down
to 0 oC and H2O (0.48 mL, 26.60 mmol, 0.55 eq.) was added in one portion. The reaction
mixture was warmed up to room temperature and stirred for 18 h under an atmosphere of
oxygen (2 balloons). After the completion of the reaction, the THF was concentrated
under reduced pressure and the residue purified by column chromatography (SiO2, 20%
EtOAc/hexanes) to give epoxide 2.40 as light brown oil (4.95 g, 48%). TLC: Rf = 0.48
(20% EtOAc/hexanes); [α]26D = -13.9 (c 1, CHCl3); IR (neat, NaCl) 3046, 2997, 2925,
2860, 1613 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.27 (d, J = 8.6 Hz, 2H), 6.89 (d, J = 8.6
Hz, 2H), 4.47 (s, 2H), 3.81 (s, 3H), 3.62 (t, J = 5.6 Hz, 2H), 3.06 (m, 1H), 2.79 (t, J = 4.5,
1H), 2.52 (m, 1H) 1.90 (m, 1H), 1.76 (m, 1H).
Note: The Specific rotation reported by Marshall and co-workers1 for the (R)-epoxide
formed via HKR is [α]26D = -12.3 (c 1, CHCl3). Whereas, Ley and co-workers2 report
[α]25D -13.1 (c 0.58, CHCl3) for the (S)-epoxide. Since Ley formed the (S)-epoxide from
malic acid, we have assumed that the negative rotation is correct for the (S)-epoxide.
Alkenol 2.42. To a suspension of CuI (33 mg, 0.17 mmol, 0.12 eq.) in THF (8 mL) at -30
o

C, was added allyl magnesium bromide (0.870 mL, 2 M solution in THF, 1.75 mmol, 1.4

eq.) drop wise over 15 min time period. The reaction mixture was stirred for an additional
5 min., after which a solution of 2.40 (0.216 g, 1.25 mmol, 1 eq.) in 1.5 mL THF was
added drop wise over a period of 15 min. The reaction mixture was warmed to 0 oC and
stirred for an additional 30 min. The reaction was quenched with aqueous NH4Cl/NaOH
(9:1) and extracted with Et2O (x3). The combined organic layers were dried over
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anhydrous Na2SO4 and concentrated under reduced pressure. The residue was purified by
column chromatography (SiO2, 10% EtOAc/hexanes) to give the alkenol 2.42 as
colorless oil (0.270 g, 86%). TLC: Rf = 0.35 (10% EtOAc/hexanes); [α]26D = +12.7 (c 1,
CHCl3); IR (neat, NaCl): 3441, 2999, 2935, 2860, 1640, 1613 cm-1; 1H NMR (300 MHz,
CDCl3) δ 7.25 (d, J = 8.6 Hz, 2H), 6.88 (d, J = 8.6 Hz, 2H), 5.84 (m, 1H), 5.01 (m, 2H),
4.46 (s, 2H), 3.81 (s, 3H), 3.66 (m, 2H), 2.94 (d, J = 2.9 Hz, 1H), 2.15 (m, 2H), 1.75 (m,
2H), 1.55 (m, 2H).
Hydroxy phosphonate 2.13. To a solution of dry D-dimethyl tartrate (3.18 g, 89.3
mmol, 20 mol%) in dry THF (135 mL) at -15 oC under argon was added freshly distilled
Ti(Oi-Pr)4 (5.23 mL, 17.8 mmol, 20 mol%) and the resulting mixture was stirred for 0.5
h. Freshly distilled dimethyl phosphite 2.11 (16.36 mL, 178.6 mmol, 2 eq.) was added
followed, after 10 min., by the addition of acrolein 2.12 (5.95 mL, 89.3 mmol, 1 eq.). The
flask containing the reaction mixture was placed in a freezer at a temperature of -15 oC
for a period of 24 h. The reaction was quenched by drop wise addition of H 2O to
precipitate the TiO2, which was removed by filtration through celite. The organic solution
was washed with brine and the aqueous layer re-extracted with CH2Cl2 (x2). The
combined organic layers were dried over anhydrous Na2SO4 and concentrated under
reduced pressure. The residue was purified by column chromatography (SiO2, 50%
EtOAc/hexanes) to give the hydroxy phosphonate 2.13 as colorless oil (10.15 g, 100%)
with 70% e.e. (measured by

31

P NMR after the addition of quinine, chemical shift

reagent). TLC: Rf = 0.25 (100% EtOAc); IR (neat, NaCl): 3298, 2959, 2855, 1638 cm-1;
1

H NMR (300 MHz, CDCl3) 5.99 (m, 1H), 5.53 (m, 1H), 5.36 (m, 1H), 4.55 (m, 1H),

3.82 (d, JHP = 11.3 Hz, 6H); 31P NMR (CDCl3) δ 24.2.
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(S)-Carbonate 2.15. To a solution of hydroxy phosphonate 2.13 (1.86 g, 16.05 mmol, 1
eq.) in CH2Cl2 (15.6 mL) was added DMAP (4-dimethylaminopyridine) (0.392 g, 3.21
mmol, 20 mol%) followed by pyridine (1.94 mL, 24.1 mmol, 1.5 eq.) at 0 oC. The
reaction mixture was allowed to warm to room temperature and was stirred for 16 h. The
reaction was quenched with 1N HCl and the aqueous layer was re-extracted with CH2Cl2
(x2). The combined organic layers were dried over anhydrous Na2SO4 and concentrated
under reduced pressure. The residue was purified by column chromatography (SiO2, 50%
EtOAc/hexanes) to give the carbonate 2.15 as colorless oil (2.87 g, 80%) yield. TLC: Rf
= 0.58 (100% EtOAc); IR (neat, NaCl): 2960, 2856, 1757, 1642 cm-1; 1H NMR (300
MHz, CDCl3) 5.95 (m, 1H), 5.54 (m, 2H), 5.43 (m, 1H), 3.85 (s, 3H), 3.83 (d, JHP = 10.5
Hz, 6H); 31P NMR (CDCl3) δ 19.48.
(S)-Carbonate 2.17. To the (S)-carbonate 2.15 (3.09 g, 70% e.e.) was added t-BuOMe
(61 mL) and pH 7.0 phosphate buffer (61 mL), followed by the immobilized lipase AYS 3
(4.43 g). The reaction mixture was stirred using a rotary shaker for 24 h, after which
another batch of immobilized lipase (4.43 g) was added. The reaction mixture was stirred
for an additional 48 h and then filtered through a pad of celite. After the addition of brine,
the aqueous mixture was extracted with CH2Cl2 (x2). The combined organic layers were
dried over anhydrous Na2SO4 and concentrated under reduced pressure. The residue was
purified by column chromatography (SiO2, 50% EtOAc/hexanes) to give the carbonate
2.17 as colorless oil (1.29 g, 42%, >95% ee). [α]26D = +16.7 (c 1, CHCl3).

The

enantiomeric excess (e.e.) was measured indirectly by first converting 1.21 to a UV
active phosphonate by a Grubbs cross metathesis reaction with styrene. The e.e. of the
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resulting phosphonate was measured by HPLC using Whelk-O chiral column, 20%
EtOH/hexanes, 254 nm and flow rate = 1 mL/min.).
Phosphono allylic carbonate 2.43. To a solution of (S)-carbonate 2.17 (0.23 g, 1.03
mmol, 1 eq.) and alkenol 2.42 (0.250 g, 1.03 mmol, 1 eq.) in CH2Cl2 (2 mL) was added
Grubbs second generation catalyst (0.044 g, 0.051 mmol, 5 mol %) and CuI (0.019 g,
0.10 mmol, 10 mol %). The resulting mixture was heated at reflux for 3h. The reaction
was monitored by 31P NMR until complete conversion. The solvent was evaporated under
reduced pressure and the residue was purified by column chromatography (SiO2, 100%
EtOAc) to give the phosphono allylic carbonate 2.43 as a ≥9:1 mixture of the E and Z
isomers (0.35 g, 78% yield). TLC: Rf = 0.23 (100% EtOAc); [α]26D = -13.4 (c 1,
CHCl3); IR (neat, NaCl): 3440, 2956, 2853, 1755, 1613, cm-1; 1H NMR (300 MHz,
CDCl3) δ 7.25 (d, J = 8.4 Hz, 2H), 6.68 (d, J = 8.3 Hz, 2H), 5.97 (m, 1H), 5.60 (m, 1H),
5.45 (m, 1H), 4.45 (s, 2H), 3.80 (m, 9H), 3.60 (m, 2H), 2.13 (m, 2H), 1.97 (s, 1H), 1.53
(m, 4H);

13

C NMR (75 MHz, CDCl3) δ 159.5, 154.9 (d, JCP = 9.8 Hz), 138.6 (d, JCP =

12.5 Hz), 130.1, 129.5, 120.7 (d, JCP = 3.8 Hz), 114.0, 73.1 (d, JCP = 170 Hz), 73.2, 70.9,
55.5, 55.4, 54.0 (d, JCP = 7.0 Hz), 53.8 (d, JCP = 6.4 Hz), 36.5, 36.3 (d, JCP = 2.3 Hz),
28.7; 31P NMR (CDCl3) δ 20.4; HRMS (FAB, MH+) calculated for C20H31O9P 446.1783.
Found 446.1772.
Vinyl phosphonate 2.44. To a solution of carbonate 2.43 (1.44 g, 3.23 mmol, 1 eq.) in
THF (8 mL), was added Pd(PPh3)4 (186 mg, 0.160 mmol, 5 mol%) followed by Hunig’s
base (2.25 mL, 12.9 mmol, 4 eq.) drop wise. The reaction mixture was stirred at 60 oC for
3 h. THF was evaporated under reduced pressure and the residue was purified by column
chromatography (SiO2, 100% EtOAc) to give the vinyl phosphonate 2.44 as a light brown
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oil (1.05 g, 88%) as a mixture of 95:5 to 92:8 mixture of trans and cis diastereomers.
TLC: Rf = 0.25 (100% EtOAc); [α]24D = -8.2 (c 1, CHCl3); IR (neat, NaCl): 2953, 2852,
1710, 1611 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.23 (d, J = 8.5 Hz, 2H), 6.85 (d, J = 8.6
Hz, 1H), 6.76 (m, 1H), 5.87 (m, 2H), 4.55 (m, 1H), 4.41 (s, 2H), 4.11 (m, 2H), 3.77 (s,
3H), 3.69 (d, J = 11.0 Hz, 6H), 3.53 (t, J = 6.4 Hz, 2H), 2.16 (m, 1H), 2.02 (m, 1H), 1,78
(m, 2H), 1.62 (m, 2H);

13

C NMR (75 MHz, CDCl3) δ 159.3, 154.5 (d, JCP = 5.1 Hz),

130.6, 129.4, 113.9, 113.4 (d, JCP = 189 Hz), 78.1 (d, JCP = 21.6 Hz), 72.8, 67.4, 55.4,
52.5 (d, JCP = 5.6 Hz), 52.4 (d, JCP = 5.6 Hz), 36.0, 31.9, 31.8 (d, JCP = 2.0 Hz); 31P NMR
(CDCl3) δ 22.47; HRMS (FAB, MH+) calculated for C20H27O6P 371.1623. Found
371.1631.
β-Hydroxy phosphonate 2.60. CuI (1.5 mg, 0.008 mmol, 3 mol%), NaOt-Bu (2.4 mg,
0.024 mmol, 9 mol%) and DPEphos (4.4 mg, 0.008 mmol, 3 mol%) was weighed out in
glove box and placed in a Schlenk flask. The schlenk flask was then transferred into a
fume hood and attached to the schlenk line. THF (0.2 mL) was added and the mixture
stirred for 30 min. A yellowish brown coloration of the reaction mixture was observed.
During this time, a solution of B2pin2 (76 mg, 0.33 mmol, 1.2 eq.) in THF (0.16 mL) was
also prepared in a glove box and was added to the reaction mixture. Stirring was
continued for 10 min. At this point the reaction mixture’s color was changed to greenish
grey. A solution of vinyl phosphonate, 2.44 (102 mg, 0.27 mol, 1 eq.) in THF (0.16 mL)
was added, followed by the final addition of MeOH (22 μL, 0.55 mmol, 2 eq.). The grey
colored reaction mixture was stirred for 18 h at room temp. Quantitative conversion to
the β-borylated product 2.59 was observed by 31P NMR. The reaction mixture was then
filtered through a short plug of celite and concentrated under reduced pressure to furnish
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the crude product 2.59 (143 mg, 100%) which was used for the subsequent NaBO3
oxidation step without any furher purification. 31P NMR (CDCl3) δ 36.16, 36.00.
Note: Success of this reaction was highly dependent on the high purity of the
reagents and their storage conditions. B2pin2, NaOt-Bu and anhydrous CuI of high
purity were stored in a glove box. Amongst them B2pin2 was stored cold and used
within 6 months after opening the bottle. Also, the β-borylated product, 2.59 was
found to be column sensitive. β-elimination was observed under column
chromatography conditions and also upon standing.
To the boronate 2.59 (143 mg, 0.28 mmol, 1 eq.) was added THF:H2O (1.3 mL, 1:1 ratio)
followed by NaBO3.4H2O (220 mg, 1.43 mmol, 5 eq.). The reaction mixture was stirred
at room temp. for 1.5 h and monitored by

31

P NMR. After complete conversion, the

reaction mixture was diluted with brine and extracted with CH2Cl2 (3x). The combined
organic extracts were dried over Na2SO4 and concentrated under reduced pressure. The
crude product was purified by column chromatography (SiO2, 100% EtOAc) to give a 1:1
diastereomeric mixture of the hydroxy phosphonate 2.60 as colorless oil (78 mg, 72%).
TLC: Rf = 0.61 (20% EtOH/EtOAc); IR (neat, NaCl) 3374, 2954, 2855, 1613 cm-1; 1H
NMR (300 MHz, CDCl3) δ 7.23 (d, J = 8.4 Hz, 2H), 6.85 (d, J = 8.4 Hz, 2H), 4.40 (s,
2H), 4.02 (m, 1H), 3.85 (m, 2H), 3.78 (s, 3H), 3.74 (d, JHP = 10.9 Hz, 6H), 3.51 (t, J = 6.5
Hz, 2H), 3.25 (d, br, 1H), 1.80 (m, 8H); 31P NMR (CDCl3) δ 33.84, 33.26; HRMS (FAB,
MH+) calculated for C18H29O7P 389.1729. Found 389.1742.
β-Ketophosphonate 2.45. To a solution of the hydroxy phosphonate 2.60 (107 mg, 0.27
mmol, 1 eq.) in CH2Cl2 (3.2 mL) was added 4 Å MS (321 mg), and NMO (64 mg, 0.55
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mmol, 2 eq.) and the resulting mixture was stirred for 15-20 min. Finally, TPAP (5 mg,
0.027 mmol, 10 mol%) was added and the resultant black colored reaction mixture was
stirred at room temp for 18 h. The reaction was monitored by 31P NMR. After complete
conversion, the reaction mixture was filtered through a short plug of celite, concentrated
under reduced pressure and purified by column chromatography (SiO2, 100% EtOAc) to
give the pure β-ketophosphonate 2.45 as a colorless oil (85 mg, 80%). TLC: Rf = 0.67
(20% EtOH/EtOAc); [α]24D = +8.1 (c 0.95, CHCl3); IR (neat, NaCl) 2955, 2855, 1718,
1612 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.25 (d, J = 8.3 Hz, 2H), 6.88 (d, J = 8.3 Hz,
2H), 4.44 (s, 2H), 4,44 (m, 1H), 4.15 (m, 1H), 3.80 (s, 3H), 3.79 (d, J = 11.4 Hz, 6H),
3.56 (t, J = 6.5 Hz, 2H), 3.29 (m, 2H), 2.21 (m, 1H), 2.05 (m, 2H), 1.85 (m, 2H), 1.54 (m,
1H); 13C NMR (75 MHz, CDCl3) 204.8 (d, JCP = 6.8 Hz), 159.3, 130.6, 129.4, 114.0, 83.2
(d, JCP = 2.2 Hz), 78.5, 72.9, 67.2, 55.4, 53.2 (d, JCP = 6.2 Hz), 53.2 (d, JCP = 6.2 Hz),
36.2 (d, JCP = 131 Hz), 35.7, 31.8, 28.6 ;

31

P NMR (CDCl3) δ 23.57; HRMS (FAB,

MNa+) calculated for C18H27O7PNa 409.1392. Found 409.1386.
1,3-Dienone 2.106. To a solution of β-ketophosphonate 2.45 (20 mg, 0.050 mmol, 1.2
eq.) in i-PrOH (0.4 mL) was added Cs2CO3 (14 mg, 0.040 mmol, 1 eq.). The reaction
mixture was stirred for 2.5 h at 0 oC and then 3-methyl-2-butenal (4.2 μL, 0.04 mmol, 1
eq.) was added drop wise. The resulting mixture was warmed to room temperature and
stirred for an additional 18 h. The reaction was monitored by TLC. After the reaction was
complete, it was quenched with 5% aqueous citric acid solution and extracted with
CH2Cl2 (x3), dried over Na2SO4 and concentrated under reduced pressure. The residue
was purified by column chromatography (SiO2, 20% EtOAc/hexanes) to give the dienone
2.106 as colorless oil (14 mg, 93%). TLC: Rf = 0.27 (20% EtOAc/hexanes); IR (neat,
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NaCl): 2934, 2862, 1679, 1626, 1613 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.63 (dd, J =
15.1, 11.7 Hz, 1H), 7.27 (d, J = 8.5 Hz, 2H), 6.88 (d, J = 8.3 Hz, 2H), 6.42 (d, J = 15.1
Hz, 1H), 6.03 (d, J = 11.7 Hz, 1H), 4.52 (t, J = 7.3 Hz, 2H), 4.46 (s, 2H), 4.18 (m, 1H),
3.81 (s, 3H), 3.59 (t, J = 6.5 Hz, 2H), 2.55 (m, 1H), 2.02 (m, 3H), 1.92 (s, 3H), 1.90 (s,
3H), 1.84 (m, 1H), 1.57 (m, 1H); 13C NMR (75 MHz, CDCl3) 202.0, 159.3, 149.1, 140.6,
130.8, 129.4, 124.8, 122.1, 114.0, 82.7, 78.4, 72.9, 67.5, 55.5, 35.9, 31.8, 29.8, 27.0,
19.4; HRMS (FAB, MNa+) calculated for C21H28O4Na 367.1885. Found 367.1880.
C(18)-C(29) unit of amphidinolide F 2.107. To a cooled (-78 oC) solution of 1,3dienone 2.106 (8 mg, 0.02 mmol, 1 eq.) in THF (0.6 mL) was added L-selectride (1 M in
THF, 46 μL, 0.04 mmol, 2 eq.) and the resulting reaction mixture was stirred for 30 min.
at -78 oC. The reaction was monitored by TLC. After the reaction was complete, it was
quenched with 3N NaOH (2 mL) and H2O2 (4 mL) at 0 oC. After 30 min. the reaction
mixture was diluted with water, extracted with CH2Cl2 (3x), dried over Na2SO4 and
concentrated under reduced pressure. The residue was purified by column
chromatography (SiO2, 20% EtOAc/hexanes) to give the alcohol 2.107 as colorless oil (7
mg, 88%). TLC: Rf = 0.43 (30% EtOAc/hexanes); IR (neat, NaCl): 3438, 2962, 2919,
2851, 1612 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.26 (d, J = 8.5 Hz, 2H), 6.88 (d, J = 8.5
Hz, 2H), 6.52 (dd, J = 15.0, 11.0 Hz, 1H), 5.82 (d, J = 11.0 Hz, 1H), 5.46 (dd, J = 15.1,
6.9 Hz, 1H), 4.44 (s, 2H), 4.08 (m, 1H), 3.94 (brt, J = 6.9 Hz, 1H), 3.85 (m, 1H), 3.81 (s,
3H), 3.55 (t, J = 6.4 Hz, 2H), 2.56 (brs, 1H), 2.04 (m, 1H), 1.93 (m, 1H), 1.86 (m, 1H),
1.79 (m, 1H), 1.78 (s, 3H), 1.77 (s, 3H), 1.63 (m, 1H), 1.57 (m, 1H);

13

C NMR (125

MHz, CDCl3) 159.4, 136.7, 130.8, 129.5, 129.5, 128.4, 124.6, 114.0, 82.1, 76.8, 75.8,
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72.9, 67.5, 55.5, 35.9, 32.5, 28.2, 26.2, 18.6; HRMS (FAB, MNa+) calculated for
C21H30O4Na 369.2042. Found 369.2050.
Alkene 2.97. A solution of prenol 2.96 (0.83 mL, 9.7 mmol, 1 eq.) in DMF (30 mL) was
cooled to 0 oC and NaH (1.164 g, 60% w/w, 29.12 mmol, 3 eq.) was added in small
batches. The reaction mixture was stirred for 1 h at 0 oC and then PMBCl (1.98 ml, 14.6
mmol, 1.5 eq.) and tetrabutylammonium iodide (358 mg, 0.97 mmol, 0.1 eq.) were added.
The resulting reaction mixture was stirred at 0 oC for 1 h and then warmed to room
temperature and stirred for an additional 18 h. The reaction was quenched by the slow
addition of brine and was extracted with Et2O (x3). The combined organic extracts were
dried over Na2SO4 and concentrated under reduced pressure. The residue was purified by
column chromatography (SiO2, 10% EtOAc/hexanes) to give alkene 2.97 as colorless oil
(4.69 g, 98%). TLC: Rf = 0.82 (10% EtOAc/hexanes); 1H NMR (300 MHz, CDCl3) δ
7.28 (d, J = 8.5 Hz, 2H), 6.93 (d, J = 8.5 Hz, 2H), 5.39 (m, 1H), 4.44(s, 2H), 3.98 (d, J =
6.8 Hz, 2H), 3.81 (s, 3H), 1.76 (s, 3H), 1.66 (s, 3H).
Aldehyde 2.98. SeO2 (156 mg, 1.48 mmol, 0.5 eq.) and t-BuOOH (1.02 mL of 5-6 M
solution in decane, 5.63 mmol, 2 eq.) were dissolved in CH2Cl2 (2 mL) and the resulting
solution was cooled to -15 oC and stirred for 30 min. The alkene 2.97 (581 mg, 2.81
mmol, 1 eq.) in CH2Cl2 (3 mL) was added to the solution over a period of 10 min. The
resulting reaction mixture was stirred at room temperature for 36 h and then portioned
with brine. The aqueous layer was re-extracted with CH2Cl2 (x3). The combined organic
extracts were dried over Na2SO4 and concentrated under reduced pressure. The residue
was purified by column chromatography (SiO2, 20% EtOAc/hexanes) to give aldehyde
2.98 as a colorless oil (0.235 g, 38%) yield. TLC: Rf = 0.53 (30% EtOAc/hexanes); IR
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(neat, NaCl): 2996, 2934, 2837, 1689, 1653, 1613 cm-1; 1H NMR (300 MHz, CDCl3) δ
9.43 (s, 1H), 7.28 (d, J = 8.7 Hz, 2H), 6.9 (d, J = 8.7 Hz, 2H), 6.59 (m, 1H), 4.51 (s, 2H),
4.32 (d, J = 5.6 Hz, 2H), 3.80 (s, 3H), 1.72 (d, J = 1.1 Hz, 3H).
Alkenol 2.99. To a solution of CrCl2 (515 mg, 4.19 mmol, 4 eq.) and NiCl2 (2 mg, 0.02
mmol, 2 mol%) in DMF (10 mL) was added the vinyl iodide (440 mg, 2.097 mmol, 2 eq.)
dissolved in DMF (5 mL) and the resulting mixture was stirred for 15-20 min. at room
temperature. The aldehyde 2.98 (231 mg, 1.04 mmol, 1 eq.) dissolved in DMF (5 mL)
was added to the above solution and the reaction mixture was stirred for an additional 2.5
h at room temperature. Reaction progress was monitored by TLC analysis. The reaction
mixture was quenched with saturated aqueous NH4Cl solution and extracted with CH2Cl2
(x3).

The combined organic extracts were dried over anhydrous Na2SO4 and

concentrated under reduced pressure. The residue was purified by column
chromatography (SiO2, 30% EtOAc/hexanes) to give alkenol 2.99 as a colorless liquid
(0.533 g, 75%). TLC: Rf = 0.32 (20% EtOAc/hexanes); IR (neat, NaCl): 3429, 2956,
2930, 2859, 1646, 1613 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.27 (d, J = 8.6 Hz, 2H),
6.88 (d, J = 8.6 Hz, 2H), 5.74 (t, J = 6.3 Hz, 1H), 5.14 (s, 1H), 4.95 (s, 1H), 4.48 (s, 1H),
4.45 (s, 2H), 4.08 (d, J = 6.4 Hz, 2H), 3.81 (s, 3H), 1.92 (m, 2H), 1.54 (s, 3H), 1.43 (m,
2H), 1.30 (m, 2H), 0.90 (t, J = 7.1 Hz, 3H);

13

C NMR (75 MHz, CDCl3) 159.4, 149.2,

139.4, 130.6, 129.6, 124.2, 114.0, 110.1, 79.8, 72.0, 66.3, 55.5, 31.8, 30.2, 22.7, 14.2,
12.1; HRMS (FAB, MNa+) calculated for C19H28O3Na 327.1936. Found 327.1937.
TBS-protected alkenol 2.100. A solution of alkenol 2.99 (89 mg, 0.29 mmol, 1 eq.) in
DMF (0.3 mL) was cooled to 0 oC and imidazole (220 mg, 1.46 mmol, 5 eq.), DMAP (7
mg, 0.05 mmol, 20 mol%) and TBSCl (49 mg, 0.73 mmol, 2.5 eq.) were added. The
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reaction mixture was warmed to room temperature and was stirred overnight. Reaction
progress was monitored by TLC analysis. After the reaction was complete, the reaction
mixture was cooled to 0 oC, quenched with saturated aqueous NH4Cl solution and
extracted with CH2Cl2 (x3). The combined organic extracts were dried over anhydrous
Na2SO4 and concentrated under reduced pressure. The residue was purified by column
chromatography (SiO2, 10% Et2O/hexanes) to give the pure TBS ether 2.100 as colorless
oil (0.110 g, 95%). TLC: Rf = 0.66 (10% Et2O/hexanes); IR (neat, NaCl): 2956, 2930,
2857, 1613 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.27 (d, J = 8.6 Hz, 2H), 6.88 (d, J = 8.6
Hz, 2H), 5.66 (m, 1H), 5.13 (s, 1H), 4.87 (s, 1H), 4. 43 (s, 2H), 4.42 (s, 1H), 4.07 (d, J =
6.5 Hz, 2H), 3.81 (s, 3H), 1.87 (m, 2H), 1.48 (s, 3H), 1.41 (m, 2H), 1.32 (m, 2H), 0.91
(m, 9H), 0.90 (t, J = 7.1 Hz, 3H), 0.04 (m, 6H); 13C NMR (75 MHz, CDCl3) 159.3, 149.6,
140.1, 130.8, 129.6, 123.1, 114.0, 110.0, 80.7, 71.6, 66.4, 55.5, 31.1, 30.3, 26.0, 22.8,
18.5, 14.3, 11.8, -4.7, -4.8; HRMS (FAB, MNa+) calculated for C25H42O3SiNa 441.2800.
Found 441.2805.
Side chain aldehyde 2.101. To a solution of TBS-protected alkenol 2.100 (324 mg,
0.770 mmol, 1 eq.) in CH2Cl2 (8 mL) and H2O (0.8 mL) was added DDQ (263 mg, 1.16
mmol, 1.5 eq.). The resulting reaction mixture was stirred at room temperature for 50
min. The reaction was quenched with a saturated solution of NaHCO3 and the layers were
separated. The aqueous layer was re-extracted with CH2Cl2 (x3). The combined organic
extracts were dried over anhydrous Na2SO4 and concentrated under reduced pressure.
The crude product then was dissolved in CH2Cl2 (8 mL) and MnO2 (1.39 g, 20 eq.) was
added. The reaction mixture was stirred at room temperature for 1.5 h and then the solids
were removed by filtration through a short plug of celite. The solvent was evaporated
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under reduced pressure to give the aldehyde 2.101 (0.213 g, 93%) as a mixture of E:Z
(9:1) isomers. Separation using column chromatography (SiO2, 30:1 Et2O/hexanes) gave
the pure aldehyde 2.101 in 70% isolated yield. Rf = 0.82 (10% EtOAc/hexanes); IR (neat,
NaCl): 2957, 2930, 2858, 1680, 1637, 1611 cm-1; 1H NMR (300 MHz, CDCl3) δ 10.05
(d, J = 8.1 Hz, 1H), 6.19 (dt, J = 8.1, 1.0 Hz, 1H), 5.15 (s, 1H), 4.97 (m, 1H), 4.51 (s,
1H), 2.08 (s, 3H), 1.92 (m, 1H), 1.77 (m, 1H), 1.42 (m, 2H), 1.28 (m, 2H), 0.90 (m, 9H),
0.89 (t, J = 7.1 Hz, 3H), 0.04 (s, 6H); 13C NMR (75 MHz, CDCl3) δ 191.1, 162.9, 148.3,
126.5, 112.4, 80.8, 30.1, 30.0, 25.9, 22.7, 18.5, 14.2, 13.3, -4.8, -4.9; HRMS (FAB)
calculated for C17H32O2SiNa 319.2069. Found 319.2071.
1,3-Dienone 2.108. To a solution of β-ketophosphonate 2.45 (15 mg, 39 μmol, 1 eq.) in iPrOH (0.1 mL) at 0 oC was added Cs2CO3 (12 mg, 38.82 μmol, 1 eq.). The resulting
mixture was stirred for 2 h at 0 oC, then a solution of aldehyde 2.101 (11 mg, 39 μmol, 1
eq.) in i-PrOH (0.15 mL) was added drop wise. The resulting mixture was warmed to
room temperature and was stirred for 18 h. The reaction was monitored by TLC. After
the reaction was complete, it was quenched with 5% aqueous citric acid solution and the
layers were separated. The aqueous layer was re-extracted with CH2Cl2 (x3), and the
combined organic extracts were dried over Na2SO4 and concentrated under reduced
pressure. The residue was purified by column chromatography (SiO2, 20%
EtOAc/hexanes) to give the dienone 2.108 as colorless oil (20 mg, 93%). TLC: Rf = 0.62
(20% EtOAc/hexanes); IR (neat, NaCl): 2955, 2930, 2857, 1682, 1615 cm-1; 1H NMR
(500 MHz, CDCl3) δ 7.64 (dd, J = 15.1 Hz, 11.7 Hz, 1H), 7.27 (d, J = 8.5 Hz, 2H), 6.88
(d, J = 8.6 Hz, 2H), 6.51 (dd, J = 15.2 Hz, 4.8 Hz, 1H), 6.32 (d, J = 11.6 Hz, 1H), 5.12 (s,
1H), 4.90 (s, 1H), 4.54 (m, 1H), 4.48 (s, 1H), 4.45 (ABq, J
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2H), 4.23 (m, 1H), 3.80 (s, 3H), 3.59 (t, J = 6.5 Hz, 2H), 2.27 (m, 1H), 2.04 (m, 1H), 1.97
(m, 2H), 1.91 (m, 1H), 1.82 (m, 1H), 1.77 (s, 3H), 1.60 (m, 2H), 1.38 (m, 2H), 1.29 (m,
2H), 0.90 (m, 9H), 0.88 (t, J = 7.1 Hz, 3H), 0.04 (m, 6H); 13C NMR (125 MHz, CDCl3)
201.7, 159.4, 151.8, 149.1, 140.1, 130.7, 129.5, 124.0, 124.0, 114.0, 111.1, 82.7, 81.0,
78.5, 73.0, 67.5, 55.5, 35.9, 31.8, 30.5, 30.2, 29.8, 26.0, 22.7, 18.5, 14.2, 13.4, -4.8, -4.9;
HRMS (FAB, MNa+) calculated for C33H52O5SiNa 579.3482. Found 579.3474.
C(18)-C(34) unit of amphidinolide C 2.109. A solution of 1,3-dienone 2.108 (16 mg, 29
μmol, 1 eq.) in THF (0.7 mL) was cooled to -78 oC and L-selectride (1 M in THF, 57 μL,
57 μmol, 2 eq.) was added. The resulting reaction mixture was stirred for 40 min. at -78
o

C. The reaction progress was monitored by TLC analysis. After the reaction was

complete, it was quenched by the addition of 3N NaOH (2 mL) and H2O2 (4 mL) at 0 oC
and stirring was continued for an additional 30 min. The reaction mixture was partitioned
with water and the layers were separated. The aqueous layer was re-extracted with
CH2Cl2 (x3) and the combined organic extracts were dried over anhydrous Na2SO4 and
concentrated under reduced pressure. The residue was purified by column
chromatography (SiO2, 20% EtOAc/hexanes) to give dienol 2.109 as colorless oil (15
mg, 94%). TLC: Rf = 0.44 (20% EtOAc/hexanes); IR (neat, NaCl): 3431, 2955, 2928,
2857, 1612 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.26 (d, J = 8.5 Hz, 2H), 6.88 (d, J = 8.5
Hz, 2H), 6.54 (dd, J =15 Hz, 11 Hz, 1H), 6.07 (d, J = 11 Hz, 1H), 5.58 (dd, J = 15 Hz,
6.9 Hz, 1H), 5.20 (s, 1H), 4.85 (s, 1H), 4.44 (s, 2H), 4.37 (s, 1H), 4.10 (m, 1H), 3.96 (m,
1H), 3.87 (q, J = 7.2 Hz, 1H), 3.81 (s, 3H), 3.55 (t, J = 6.2 Hz, 2H), 2.69 (brd, 1H), 2.05
(m, 1H), 1.97 (m, 1H), 1.88 (m, 2H), 1.79 (m, 2H), 1.65 (m, 1H), 1.60 (s, 3H), 1.56 (m,
1H), 1.38 (m, 2H), 1.29 (m, 2H), 0.89 (s, 9H), 0.88 (t, J = 7.2 Hz, 3H), 0.02 (s, 3H), 0.01
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(s, 3H);

13

C NMR (125 MHz, CDCl3) 159.4, 149.8, 139.9, 130.7, 130.5, 129.5, 129.1,

124.9, 114.0, 110.0, 82.0, 80.8, 76.8, 75.8, 72.9, 67.4, 55.5, 35.9, 32.5, 30.9, 30.2, 28.3,
26.0, 22.8, 18.5, 14.3, 12.3, -4.8, -4.8; HRMS (FAB, MNa+) calculated for C33H54O5SiNa
581.3638. Found 581.3631.
TBS-protected ester 2.102. To a solution of aldehyde 2.86 (1.91 mL, 14.0 mmol, 1 eq.)
in MeOH (20 mL) at 0 oC was added NaBH4 (0.532 g, 14.0 mmol, 1 eq.). The reaction
mixture was stirred for 10 min. and then quenched by the addition of H2O. The aqueous
mixture was extracted with Et2O (x3), dried over anhydrous Na2SO4 and concentrated
under reduced pressure to furnish the product as colorless liquid (1.97 g, 98%). TLC: Rf
= 0.58 (50% EtOAc/hexanes). The product was used in the next reaction without further
purification
To the crude reduction product (2.66g, 18.5 mmol, 1 eq.) in CH2Cl2 (90 mL) was added
TBSCl (4.17 g, 27.7 mmol, 1.5 eq.) followed by imidazole (3.14 g, 46.1 mmol, 2.5 eq.)
under argon. The reaction mixture was stirred for 16 h and was quenched with saturated
NH4Cl solution. The layers were separated and the aqueous layer was re-extracted with
CH2Cl2 (x3). The combined organic extracts were dried over anhydrous Na2SO4 and
concentrated under reduced pressure. The residue was purified by column
chromatography (SiO2, 30% EtOAc/hexanes) to give the TBS ether 2.102 as a colorless
liquid (4.62 g, 97%). TLC: Rf = 0.66 (5% EtOAc/hexanes); IR (neat, NaCl): 2956, 2931,
2899, 2856, 1717, 1662 cm-1; 1H NMR (300 MHz, CDCl3) δ 5.98 (d, J = 0.8 Hz, 1H),
4.16 Hz (q, J = 7.1 Hz, 2H), 4.10 (d, J = 0.6 Hz, 2H), 2.04 (s, 3H), 1.28 (t, J = 7.1 Hz,
3H), 0.92 (s, 9H), 0.08 (s, 6H).
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TBS-protected Aldehyde 2.105. To a solution of TBS-protected ester 2.103 (1.00 g,
3.86 mmol, 1 eq.) in THF (2.6 mL) at -78 oC was added DIBAL-H (1 M in hexane, 15.47
mL, 15.47 mmol, 4 eq.). The reaction mixture was stirred at -78 oC for 30 min. and at 0
o

C for 2.5 h, and then it was cooled to -78 oC and quenched with MeOH (3 mL), followed

by saturated rochelle’s salt solution (20 mL), EtOAc (20 mL) and Et2O (20 mL). The
mixture was stirred for 5-6 h till 2 layers separated out. The aqueous layer was reextracted with Et2O (x2) and finally with EtOAc (x1). The combined organic extracts
were dried over anhydrous Na2SO4 and concentrated under reduced pressure. The residue
was purified by column chromatography (SiO2, 30% EtOAc/hexanes) to give the alcohol
as colorless liquid (0.75 g, 90%). TLC: Rf = 0.62 (30% EtOAc/hexanes); IR (neat, NaCl):
3313, 2956, 2929, 2886, 2857 cm-1; 1H NMR (300 MHz, CDCl3) δ 5.69 (m, 1H), 4.22 (t,
J = 5.1 Hz, 2H), 4.04 (s, 3H), 1.65 (d, J = 0.4 Hz, 3H), 1.22 (br, 1H), 0.92 (s, 9H), 0.08
(s, 6H).
To a solution of alcohol (100 mg, 0.46 mmol, 1 eq.) in CH2Cl2 (5 mL) was added MnO2
(1.0 g, 12 mmol, 25 eq.). The reaction mixture was stirred at rt. for 1 h and then the solids
were removed by filtration through a pad of celite to and the solvent was evaporated
under reduced pressure to give the aldehyde 2.105 (75 mg, 76%) as colorless oil. TLC: Rf
= 0.67 (20% EtOAc/hexanes); IR (neat, NaCl): 2956, 2930, 2857, 1683cm-1; 1H NMR
(300 MHz, CDCl3) δ 10.07 (d, J = 8.1 Hz, 1H), 6.21 (dq, J = 8.1, 1.4 Hz, 1H), 4.18 (d, J
= 0.9 Hz, 2H), 2.08 (s, 3H), 0.92 (s, 9H), 0.09 (s, 6H).
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1,3-Dienone. To a solution of β-ketophosphonate 2.45 (15 mg, 39 μmol, 1 eq.) in i-PrOH
(0.1 mL) at 0 oC was added Cs2CO3 (12 mg, 39 μmol, 1 eq.). The reaction mixture was
stirred for 2h at 0 oC and a solution of aldehyde 2.105 (8 mg, 38.82 μmol, 1 eq.) in iPrOH (0.15 mL) was added drop wise. The resulting mixture was warmed to room
temperature and was stirred for 18 h. The reaction progress was monitored by TLC
analysis. After the reaction was complete, it was quenched with 5% aqueous citric acid
solution and the layers were separated. The aqueous layer was re-extracted with CH2Cl2
(x3), and the combined organic extracts were dried over anhydrous Na2SO4 and
concentrated under reduced pressure. The residue was purified by column
chromatography (SiO2, 20% EtOAc/hexanes) to give the dienone as colorless oil (10 mg,
58%). TLC: Rf = 0.69 (20% EtOAc/hexanes); IR (neat, NaCl): 2953, 2928, 2856, 1682,
1633, 1613 cm-1 ;1H NMR (500 MHz, CDCl3) δ 7.67 (dd, J = 15.1Hz, 11.8 Hz, 1H), 7.26
(d, J = 8.5 Hz, 2H), 6.87 (d, J = 8.5 Hz, 2H),6.49 (d, J = 15.2 Hz, 1H), 6.21 (d, J = 11.8
Hz, 1H), 4.54 (app t, J = 7.5 Hz, 1H), 4.45 (ABq, J
4.20 (m, 1H), 4.14 (s, 2H), 3.80 (s, 3H), 3.59 (t, J = 6.6 Hz, 2H), 2.26 (m, 1H), 2.03 (m,
1H), 1.96 (m, 2H), 1.85 (s, 3H), 1.82 (m, 1H), 1.55 (m, 1H), 0.93 (s, 9H), 0.08 (s, 6H);
13

C NMR (125 MHz, CDCl3) ) 201.8, 159.4, 150.2, 139.8, 130.7, 129.5, 123.6, 121.8,

114.0, 82.7, 78.4, 73.0, 67.6, 67.5, 55.5, 35.9, 31.8, 29.8, 29.8, 26.1, 18.6, 14.8, -5.2;
HRMS (FAB, MNa+) calculated for C27H42O5SiNa 497.299. Found 497.2691.
Synthetic analog 2.110. To a solution of 1,3-dienone (10 mg, 21 μmol, 1 eq.) in THF
(0.5 mL) at -78 oC was added L-selectride (1 M in THF, 42 μL, 42 μmol, 2 eq.) and the
resulting reaction mixture was stirred for 30 min. at -78 oC. The reaction progress was
monitored by TLC analysis. After the reaction was complete, it was quenched by the
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addition of 3N NaOH (2 mL) solution and H2O2 (4 mL) at 0 oC and stirring was
continued for an additional 30 min. The reaction mixture was partitioned with water and
the layers were separated. The aqueous layer was re-extracted with CH2Cl2 (x3) and the
combined organic extracts were dried over Na2SO4 and concentrated under reduced
pressure. The residue was purified by column chromatography (SiO2, 20%
EtOAc/hexanes) to give the dienol 2.110 as colorless oil (9 mg, 90%). TLC: Rf = 0.15
(20% EtOAc/hexanes); IR (neat, NaCl): 3444, 2955, 2928, 2856, 1613 cm-1; 1H NMR
(500 MHz, CDCl3) δ 7.26 (d, J = 8.5 Hz, 2H), 6.88 (d, J = 8.5 Hz, 2H), 6.56 (dd, J =
15.2, 10.9 Hz, 1H), 6.07 (d, J = 10.9 Hz, 1H), 5.53 (dd, J = 15.1, 6.7 Hz, 1H), 4.44 (s,
2H), 4.10 (m, 1H), 4.07 (s, 2H), 3.97 (m, 1H), 3.85 (m, 1H), 3.81 (s, 3H), 3.55 (t, J = 6.1
Hz, 2H), 2.57 (brd, 1H), 2.04 (m, 1H), 1.93 (m, 1H), 1.86 (m, 1H), 1.79 (m, 1H), 1.78 (s,
3H), 1.73 (s, 3H), 1.63 (m, 1H), 1.57 (m, 1H), 0.92 (s, 9H), 0.07 (s, 6H);

13

C NMR (125

MHz, CDCl3) 159.4, 138.4, 130.7, 130.4, 129.5, 128.8, 123.0, 114.0, 82.0, 76.8, 75.8,
72.9, 68.1, 67.5, 55.5, 35.9, 32.5, 28.2, 26.1, 18.6, 14.2, -5.1; HRMS (FAB, MNa+)
calculated for C27H44O5SiNa 499.2855. Found 499.2845.
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CHAPTER 3: Synthesis of the C10-C17 Fragment of Amphidinolide C
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3.1 C10-C17 unit of amphidinolides C and F: The western fragment
In our retrosynthetic analysis, C10-C17 subunit 3.3 of amphidinolides C and F 3.1
and 3.2 is considered as the western fragment (Scheme 3.1). It consists of 3 stereocenters
and C15 ketone functionality. The sulfone group at the C17 end will be installed to assist
in the anion addition to the aldehyde of the C18-C29 or C18-C34 unit of amphidinolide F
or C (northern fragment). The vinyl iodide functionality at the C10 end would be used to
link the C1-C9 (or southern) fragment by Stille coupling. In this chapter, various efforts
toward the synthesis of the western side of amphidinolides C and F will be discussed
including our endeavors.

Figure 3.1 C10-C17 unit of amphidinolides C and F
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3.2 Roush’s synthesis of C11-C29 unit of amphidinolide F
In the retrosynthetic analysis of amphidinolides C and F 3.1 and 3.2, Roush1
disconnected the C9-C10 bond to allow various metal-mediated methods required to
assemble the C11-C29 3.4 and the C1-C9 3.5 units (Figure 3.2).

Figure 3.2 Roush’s retrosynthesis of amphidinolide F
The synthesis of C11-C26 unit of amphidinolide F was achieved via alkylation of
iodide 3.9 with dithiane 3.8 (Scheme 3.1). In this step, a 4:1 mixture of silylated and
desilylated products was formed. The crude reaction 3.10 mixture was treated with tetran-butylammonium fluoride (TBAF) to generate the propargylic alcohol 3.11 in 97% yield
over two steps. Subsequent protodesilylation at C22 was achieved using TBAF in
THF/DMF at 85 oC.
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Scheme 3.1 Roush’s synthesis of C11-C26 unit of amphidinolide F
The protodesilylated propargylic alcohol 3.12 was converted to the aldehyde 3.13
by protecting the C24 hydroxyl group as tert-butyldimethyl silyl (TBS) ether and
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deprotecting the para-methoxybenzyl (PMB) ether by oxidation with 2,3-dichloro-5,6dicyano-1,4-benzoquinone (DDQ) followed by Parikh-Doering oxidation. The Felkintype stereoselectivity in the aldol step was achieved by treating the aldehyde 3.13 with
dicyclohexylboron enolate derived from the methyl ketone 3.14. The β-hydroxy ketone
3.15 was produced in excellent diastereoselectivity and high yield. The stereochemical
information was effectively relayed via an Evans-Tishchenko reduction of the β-hydroxy
ketone to afford the anti-1,3-benzoate 3.16 as the major diastereomer. The vinyl iodide
3.17 was obtained by O-silylation of 3.16 followed by stannylation-iododestannylation
sequence (Scheme 3.2). The C11-C29 unit of amphidinolide F 3.19 was accomplished by
Stille coupling with the known vinylstannane 3.18.

Scheme 3.2 Stille coupling for the synthesis of the C11-C29 unit of amphidinolide F
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3.3 Carter’s synthesis of C7-C20 unit of amphidinolides C and F
Carter’s2 retrosynthetic strategy involved three main disconnections at the C25C26 alkene side chain, the C-O bond of the macrolactone, and the C14-C15 bond. Further
analysis revealed that the C7-C20 unit of amphidinolides C and F could be accessed from
two smaller fragments containing a sulfone 3.21 and alkyl iodide 3.22 (Figure 3.3).

Figure 3.3 Carter’s retrosynthetic analysis of amphidinolides C and F
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The synthesis of the alkyl iodide fragment 3.22 started with Sharpless asymmetric
epoxidation of the vinyl iodide 3.33 (Scheme 3.3) Silylation followed by trimethyl
aluminium (Me3Al)-mediated selective ring opening installed the desired C12 methyl
(Me) group diastereoselectively (>20:1 dr). Again, silylation of the new hydroxyl group
followed by metal-halogen exchange and addition to the Weinreb amide 3.37 afforded
the enone 3.38 in high yield. Methylenation of the ketone 3.38 using Petasis reagent,
desilylation of the C14 OTBS ether followed by conversion to the iodide produced the
coupling unit 3.22.

Scheme 3.3 Carter’s synthesis of C7-C14 unit of amphidinolides C and F
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The synthesis of the sulfone unit 3.21 started with addition of the lithiate derived
from the iodide 3.39 to the aldehyde 3.40 (Scheme 3.4). An inconsequential
diastereomeric mixture 3.41 was obtained which was subsequently oxidized and
converted to dimethyl ketal 3.42 by Noyori ketalization. Finally, the sulfone unit was
produced by debenzylation using Freeman’s lithium 4,4′-di-tert-butylbiphenyl (LiDBB)
radical anion followed by conversion of the hydroxyl group to the sulfone 3.21.

Scheme 3.4 Carter’s synthesis of the C15-C20 unit of amphidinolides C and F
The subunits 3.21 and 3.22 were coupled using lithium hexamethyldisilazide
(LiHMDS) to provide the adduct 3.43 in 86% yield and 2.3:1 diastereomeric ratio
(Scheme 3.5). Treatment of sulfone 3.43 with lithium di-isopropylamide (LDA) and bistrimethylsilylperoxide (TMSOOTMS) generated the intermediate 3.44 which ultimately
decomposed to the ketone 3.45 (C7-C20 unit of amphidinolides C and F).
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Scheme 3.5 Carter’s synthesis of the C7-C20 unit of amphidinolides C and F
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3.4 Results and discussion
3.4.1 First generation synthesis of the C10-C17 unit of amphidinolides C and F
Synthesis of the aldehydes
The first generation synthesis commenced with (S)-roche ester 3.46 as the chiral
substrate which was converted to a sulfide 3.48 by displacement of the tosylate 3.47
(Scheme 3.6). Oxidation to sulfone 3.49 using oxone (KHSO5) in methanol provided
higher yield as compared to other oxidizing agents (e.g. Leys oxidation conditions using
TPAP and NMO). Reduction of the ester 3.49 by diisobutylaluminum hydride (DIBALH) afforded the alcohol 3.50 in excellent yield. Subsequent oxidation using Swern
conditions followed by addition of allylmagnesium bromide to the crude aldehyde
furnished the alkenol 3.52 in decent yield.
The hydroxyl group in alkenol 3.52 was protected as triethylsilyl (TES) ether
under standard conditions (imidazole, DMF) and as para-methoxybenzyl (PBM) ether
under acidic conditions (Cu(OTf)2 in toluene) (Scheme 3.7). The TES protected hydroxyl
alkene 3.55 was oxidatively cleaved to the corresponding aldehyde 3.56 using ozonolysis.
Whereas, the PMB protected hydroxyl alkene 3.53 was oxidatively cleaved3 using a onepot Upjohn dihydroxylation and NaIO4-mediated cleavage to afford the corresponding
aldehyde 3.54. The TES- and PMB-protected aldehydes 3.54 and 3.56 were essential for
the subsequent homopropargylation reactions
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Scheme 3.6 Synthesis of the hydroxyl alkene

Scheme 3.7 Synthesis of aldehydes
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Metal mediated propargylation of aldehydes
In 1998, Marshall and co-workers4 developed a method for the synthesis of chiral
enantiopure homopropargylic alcohols 3.65 from propargylic mesylates 3.57 via an
allenylzinc intermediate. Scheme 3.8 outlines the proposed catalytic cycle for Pd(0)catalyzed zincation of propargylic mesylates. The SN2′ displacement of the propargylic
mesylates results in a transient allenylpalladium species 3.58 which proceeds with
inversion of configuration.4a Formation of allenylzinc reagents 3.61 via oxidative
transmetallation of the allenylpalladium intermediates takes place with retention of
configuration. Reaction with aldehydes leads to the formation of anti-adducts 3.65 are
formed which is suggestive of a cyclic transition state 3.64. Overall, the reaction is
capable of producing highly enantiopure and diastereopure homopropargylic alcohols.
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Scheme 3.8 Proposed catalytic cycle for Pd(0)-catalyzed zincation of propargylic
mesylates
Marshall5 has shown that other low valent metals (MXn) like indium iodide (InI)
can undergo the oxidative transmetallation process through a similar mechanism (Scheme
3.9). The allenylindium reagents induce same level of enantioseletivity and
diastereoselectivity as allenylzinc intermediates for the synthesis of homopropargylic
alcohols.
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Scheme 3.9 General scheme of oxidative transmetallation
Suitable conditions for homopropargylation of the TES- and PMB-protected
aldehydes 3.56 and 3.54 were investigated for the installation of the C12 methyl and C13
hydroxyl group with an anti disposition. Table 3.1 summarizes the results obtained.
When diethyl zinc (Et2Zn) was used for homopropargylation, both TES- and PMBprotected aldehydes failed to yield the desired product (entry 1, 2, and 3). Interestingly,
some β-elimination was observed with the TES-protected aldehyde 3.56 (entry 1).
Fortunately, switching from Et2Zn to InI6 afforded the desired homopropargylic alcohols
3.73 and 3.74 (entry 4, 5, and 6). Amongst all of the catalyst that were screened
Pd(dppf)Cl2•CH2Cl2 gave the best results and afforded the homopropargylic alcohol 3.72
in 89% yield in a THF:HMPA solvent system (entry 4). The conditions using InI and
Pd(dppf)Cl2•CH2Cl2 in THF:HMPA when used for TES-protected aldehyde 3.56 also
afforded the product 3.71 (entry 6). The PMB-protected product 3.74 containing a second
hydroxyl group was carried forward in the next step instead of the TES protected product
3.73. The orthogonality provided by the PMB protection group suited our global
protection/deprotection scheme as we intended to protect the second hydroxyl group as a
TBS ether in the following step.
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Table 3.1 Optimization of homopropargylation reaction

Entry R

Metal

Catalysts

complexes

Solvents,

Results

temperature,
and time

1

TES

Et2Zn

Pd(PPh3)4

TES

o

to rt, 24 h

3.56
2

THF, 0

Et2Zn

Pd(OAc)2 and PPh3

β-elimination observed

THF, -78 oC Unreacted
to -20 oC

3.56

C No reaction,

material

starting
and

other

degraded products
3

PMB Et2Zn

Pd(OAc)2 and PPh3

to -20 oC

3.54
4

PMB InI

Pd(dppf)Cl2•CH2Cl2

PMB InI

Pd(OAc)2 and PPh3

6

TES
3.56

InI

Pd(dppf)Cl2•CH2Cl2

material

Yield = 89%

THF:HMPA Product obtained,
rt, 6 h

3.54

starting

THF:HMPA Product obtained,
rt, 3.5 h

3.54
5

THF, -78 oC Unreacted

Yield = 33%

THF:HMPA Product obtained (by
rt, 3.5 h

TLC and NMR),
Yield not determined
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Mechanistically, the allenylpalladium species transmetallates with indium to
generate chiral allenylindium species 3.75 that reacts with an aldehyde to generate the
anti homopropargylic alcohol adducts 3.73 and 3.74 (Scheme 3.10).5,6 It is to be noted
that the stereochemistry at the C15 center is inconsequential and would be eventually
oxidized to a ketone in the late stage manipulations of the natural products syntheses.
However, characterization of the substrates by 1H and

13

C NMR spectroscopy became

increasingly difficult with each incremental synthetic modification. More specifically, the
diastereoselectivty in the homopropargylation reaction could not be determined by
interpretation of the 1H and 13C NMR spectra alone.

Scheme 3.10 Allenylindium mediated homopropargylation
The homopropargylic alcohol 3.74 was next converted to the corresponding TBS
ether 3.76 which was achieved using tert-butyldimethylsilyl trifluoromethanesulfonate
(TBSOTf) and large excess of 2,6-lutidine (Scheme 3.11). A large excess of 2,6-lutidine
was used to neutralize the triflic acid generated which otherwise cleaved the PMB ether.
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Scheme 3.11 TBS protected homopropargylic alcohol

To gain a better understanding of the diastereofacial outcome from the
homopropargylation, the C15 stereocenter of 3.76 was oxidized (Scheme 3.12). The 1H
and

13

C NMR data suggested formation of three different stereoisomers 3.78, 3.79, and

3.80 in 3.4:1:1.2 ratios, with the major diastereomer 3.78 being the desired component.
The (otherwise disfavored) eclipsed cyclic transition 3.66 rationalizes the formation of
the syn isomer 3.79 (Scheme 3.8).8 Formation of the undesired anti diastereomer 3.80
suggests unexpected racemization of the transient allenylpalladium species. In fact,
similar observation was noted by Marshall7 where he indicated that the racemization is
lower with the Pd(OAc)•PPh3 catalyst system than that of the Pd(dppf) catalyst.7
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Scheme 3.12 Diastereoselectivity of the homopropargylation

Perhaps the diastereofacial selectivity could be improved by using α-silylated
propargylic mesylates 3.81 (Figure 3.4). In fact, Marshall and co-workers7 observed
noticeably improved diastereoselectivity from the α-TMS-substituted allenylindium
reagents, which is indicative of a tight transition state for these additions. In such a
transition state, the Me and the nearly eclipsed aldehyde R substituent is in close
proximity for the syn pathway 3.82, whereas in the anti-pathway these groups are
sufficiently distant to each other 3.83 (Figure 3.4).
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Figure 3.4 Transition states for the allenylindium reagents addition to aldehydes
Carboalumination of alkynes
With the acetylene moiety 3.76 in hand, we next turned our attention to Negishi’s
carboalumination reaction in the final step for accessing the desired western fragment
(C10-C17 unit of amphidinolides C and F). The zirconium-catalyzed carboalumination of
terminal alkynes was developed by Negishi and co-workers9 in 1978. The reaction allows
preparation of trisubstituted olefins containing a methyl substituent. The mechanism10
involves formation of the Me2AlCl─Cp2ZrCl2 species 3.86 which, being a good
methylaluminating agent, coordinates to the alkyne 3.87 (Scheme 3.13). Direct addition
of the Me─Al bond to the alkyne, facilitated by ZrCp2Cl2 derivative produces the ciscarbometallation product with the aluminum at the terminal carbon 3.90.

Roy, Sudeshna, 2012, UMSL, p.111

Scheme 3.13 Proposed mechanism of zirconium catalyzed carboalumination of
alkynes
According to the Wipf’s modification,11 addition of water results in the formation
of highly catalytically active oxo-bridged species 3.92 at temperature lower than 0 oC
(Scheme 3.17). At higher temperature (T > 0 oC) alkylalumumoxanes 3.95 are formed
which are catalytically inactive. The high catalytic activity of the oxo-bridged species
3.92 is responsible for the observed acceleration of the carboalumination reaction in
presence of water.

Roy, Sudeshna, 2012, UMSL, p.112

Scheme 3.14 Wipf’s modification of carboalumination of alkynes
In an effort to complete the C10-C17 fragment synthesis of amphidinolides C and
F, acetylene moiety 3.74 was subjected to classic carboalumination reaction conditions as
well as Wipf’s modified conditions followed by iodination. In both cases, the reaction
failed to produce the desired product 3.87. The results are summarized in Table 3.2 (entry
1 and 2).
With the unsuccessful attempts at the carboalumination of the acetylene 3.76, we
next turned out attention to a model reaction as a proof of concept (Scheme 3.15).
Carboalumination followed by iodination was indeed successful with 1-hexyne 3.96 as a
substrate. The desired product 3.97 was formed cleanly in quantitative yield. Extensive
literature search revealed some interesting facts about the steric hindrance posed by α-Me
substituents in the acetylene moiety (such as 3.76).
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Table 3.2 Carboalumination in the final step

Entry

Conditionsa

1

AlMe3,

Additiveb
Cp2ZrCl2, -

DCE
2

AlMe3,
DCE

a

Result
No reaction; PMB group cleaved by
AlMe3

Cp2ZrCl2, H2O

No

reaction;

starting

material

recovered

The conditions also included subsequent iodination using I2 in THF, at -20 oC for 1 h;

DCE = 1,2-dichloroethane; b In Wipf’s modification H2O was added.

Scheme 3.15 Carboalumination on a model substrate
Maier and co-workers12 in their report of the synthesis of Leiodermatolide,
addressed the issues pertaining to steric hindrance posed by the α-Me substituents in the
acetylene moiety (Scheme 3.16). The reaction was very sluggish in nature (reaction time
48 h) and the yield was only modest. They also mentioned about the unsuccessful
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attempts of carboalumination on a larger substrate. Other literature examples convey the
same message.12

Scheme 3.16 Carboalumination reported by Maier and co-workers
To investigate further on the scope of substrates suitable for carboalumination, we
were curious about the acetylene substrate 3.101, which is intermediate in size between
3.99 and 3.76 (Figure 3.5)

Figure 3.5 Scope of substrates for carboalumination
The acetylene substrate 3.101 was obtained from aldehyde 3.102 using
homopropargylation reaction followed by TBS protection of the homopropargyl alcohol
3.103 (Scheme 3.17).
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Scheme 3.17 Synthesis of a simple acetylene substrate
The carboalumination conditions summarized in Table 3.3, when applied to the
acetylene substrate, failed to yield the desired product (entry 1 and 2). In all cases only
starting material was recovered.
Table 3.3 Carboalumination of a simple acetylene substrate

Entry
1

Substrate

Conditions*
AlMe3,

Additive
Cp2ZrCl2, -

Result
No reaction

CH2Cl2, rt, 48 h
2

AlMe3,

Cp2ZrCl2, H2O

No reaction

CH2Cl2, -20 oC, 4 h
*

The conditions also included subsequent iodination using I2 in THF, at -20 oC for 1 h.

Roy, Sudeshna, 2012, UMSL, p.116
3.4.2 Second generation synthesis of the C10-C17 unit of amphidinolides C and F
Alternate strategy
The failed carboalumination attempts on the different acetylenic substrates (3.76
and 3.101) led us to investigate an alternate plan. The alternate plan involved an anion,
derived from acetylene 3.101, and addition to an aldehyde 3.103 (Scheme 3.18). The
aldehyde in this case, is the C1-C9 unit of amphidinolides C and F (also called the
southern fragment). The ynone 3.104 when treated with Gilman’s cuprate (Me2CuLi)
should install the C11 Me substituent. Transformation of the C9 carbonyl to C9 exomethylene would provide the desired product 3.106, which can be modified to eventually
attain the C1-C17 unit 3.107 of amphidinolides C and F.

Scheme 3.18 Alternate strategy for the synthesis of C10-C17 unit
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Carbo-cupration
To validate the proposed route, we delved into the carbocupration chemistry
which is a crucial step in installing C11-Me substituent in the α,β-unsaturated ester 3.105
and in turn generating the cis-diene moiety 3.106. The addition of an organocuprate(I)
reagent to an ynone 3.108 or ynoate 3.112 results in nonstereselective conjugate addition
or stereoselective syn-carbocupration respectively (Scheme 3.19).13 It is believed that
addition of lithium organocuprate 3.109 to an acetylenic ketone (ynone) followed by
protonation results in an uncontrollable E/Z mixture of α,β-unsaturated ketone 3.111.14, 15
On the other hand, addition to acetylenic ester (ynoate) followed by protonation produces
α,β-unsaturated esters with syn-stereoselectivity at low temperature (at -78 oC). While at
higher teperatures (e.g., at 0 oC) an E/Z mixture16, 17 is generated, which suggest that the
alkenylcuprate 3.113 may undergo E/Z isomerization via allenoate species 3.115.18
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Scheme 3.19 Organocuprate addition to acetylenic ketones and esters
Indeed, the model ynone 3.120 when treated with the Gilman’s reagent
(Me2CuLi), generated in situ from CuCN and MeLi at -78 oC, gave a 1.1:1 mixture of the
E/Z isomers 3.121 and 3.122 (Scheme 3.20). The model ynone 3.120 was obtained from
acetylene anion addition to the aldehyde 3.118 followed by oxidation of the substituted
homopropargylic alcohol 3.119 to a ynone.
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Scheme 3.20 Carbocupration on a model substrate
With the successful carbocupration of a model substrate, we set out to synthesize
the western fragment according to the alternate plan (Scheme 3.18). Construction of the
C10-C17 unit was prioritized based on the available options for eventual linking to the
northern fragment (C18-C29 unit of amphidinolide F or C18-C34 unit of amphidonlide
C) or to the sourthern fragment (C1-C9 unit).
The di-TBS protected acetylene 3.101 was selectively deprotected at the primary
position and oxidized to an aldehyde 3.124 using Swern conditions (Scheme 3.21). Aldol
reaction19 using Evan’s chiral auxiliary 3.125 installed the C15-OH and C16-Me
substituents in 3.126 in a syn fashion. Disappointingly, protection of the hydroxyl in
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3.126 as PMB ether 3.127, under acidic conditions was not clean and turned out to be
very sluggish.

Scheme 3.21 Synthesis of the oxazolidinone

An alternate strategy was used to place the PMB group as outlined in Scheme
3.22. The oxazolidinone in the aldol product 3.126 was reduced to a diol 3.128 using
LiBH4,20 which was protected as para-methoxy phenyl (PMP) acetal 3.129. The
acetylenic proton in 3.128 was also masked with a trimethyl silyl group to aid synthetic
manipulations in the later stages.
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Scheme 3.22 Synthesis of the acetal
The PMP protected acetal 3.129 would be selectively opened up from the less
hindered side to give the primary alcohol 3.13019 which would be converted to a
sulphone 3.131 to complete the synthesis of the desired C1-C17 unit of amphidinolides C
and F (Scheme 3.23).

Scheme 3.23 Plans for completing the synthesis of the western fragment
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3.5 Summary
We employed a linear approach as compared to Roush’s or Carter’s convergent
strategy to synthesize the western side of amphidinolides C and F. In the first generation
synthesis, (S)-roche ester 3.46 was used as a chiral starting material, which was
transformed into an aldehyde 3.54 (and 3.56) required for the subsequent
homopropargylation reaction. Optimized reaction conditions using InI and Pd(dppf)Cl2
gave better results than Et2Zn and Pd(OAc)2•PPh3. Diastereofacial outcome of the
homopropargylation may be improved by using a α-TMS-substituted propargylic
mesylate (Figure 3.1). The carboalumination reaction in the final step failed to yield the
desired C10-C17 unit due to the probable steric hindrance posed by the α-Me substituent
on the acetylene moieties (Table 3.2 and 3.3). A second generation strategy was
conceived based on the use of carbocupration chemistry instead of carboalumination
(Scheme 3.21). In fact, carbocupration on a model substrate turned out to be promising
(Scheme 3.23). A second generation synthesis of the western fragment has been
described based on the success of the proposed chemistry (Scheme 3.24 and 3.25). Plans
for completing the C10-C17 unit of amphidinolides C and F in a form that is desirable for
the assembly of the entire natural products has also been outlined (Scheme 3.26). Overall,
the second generation route is efficient and superior to the first generation synthesis
requiring fewer steps to complete the western fragment synthesis.
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3.6 Experimental methods and data
General Experimental Details
NMR spectra were recorded in CDCl3 at 300, 500 or 600 (1H), 75, 125 or 150 (13C) and
121 or 202 (31P) MHz, respectively. 1H NMR spectra were referenced to residual CHCl3
(7.27 ppm), 13C NMR spectra were referenced to the center line of CDCl3 (77.23 ppm),
and

31

P NMR spectra were referenced to external 85% H3PO4 (0 ppm). Coupling

constants, J, are reported in Hz. All reactions were carried out in oven dried glassware
under an atmosphere of argon unless otherwise noted. Tetrahydrofuran (THF) and diethyl
ether (Et2O) were dried by passing through activated alumina columns and then refluxed
over Na/benzophenone. Toluene (PhCH3), methylene chloride (CH2Cl2), and acetonitrile
(CH3CN) were dried over calcium hydride (CaH2). Methanol (CH3OH) and was dried
over magnesium. Reactions were monitored by thin-layer chromatography (TLC) carried
out on TLC silica gel 60 Å 254 μM plates using UV light or KMnO4 stain as a visualizing
agent and heat as a developing agent. Silica gel of particle size 230-400 mesh was used
for flash column chromatography.
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Alcohol 3.123. To a solution of 3.10121 (100 mg, 0.28 mmol, 1 eq) in MeOH (2.4 mL)
was added para-toluenesulphonic acid monohydrate (53 mg, 0.028 mmol, 0.1 eq.) at 0
o

C. The reaction was stirred at 0 oC until the starting material was totally consumed (2 h).

The solvent was evaporated under reduced pressure and the residue was purified by
column chromatography (SiO2, 10% EtOAc in hexanes) to give the alcohol 3.123 as
colorless oil (34 mg, quantitative). IR (neat, NaCl): 3311, 2955, 2929, 2885, 2856 cm-1;
1

H NMR (300 MHz, CDCl3) δ 3.97 (m, 1H), 3.77 (m, 2H), 4.80 (m, 1H), 2.66 (m, 1H),

2.08 (d, J = 2.5 Hz, 1H), 2.00-1.75 (m, 2H), 1.17 (d, J = 7.1 Hz, 1H), 0.91 (s, 3H), 0.11
(s, 3H), 0.09 (s, 3H);

13

C NMR (75 MHz, CDCl3) δ 86.3, 72.5, 70.3, 60.5, 34.9, 32.1,

26.0, 18.2, 14.6, -4.3, -4.6; HRMS (FAB, MNa+) calculated for C13H27O2Si 243.1780.
Found 243.1785.
Aldehyde 3.124. To a solution of oxalyl chloride (35 mL, 0.39 mmol, 1.53 eq.) in
CH2Cl2 (2.7 mL) was added DMSO at -78 oC. After 15 min. alcohol 3.123 (63 mg, 0.26
mmol, 1 eq.) was added. After an additional 15 min. Et3N (97 μL, 0.69 mmol, 4.68 eq.)
was added dropwise. The reaction mixture was stirred for 3 h and warmed up to -40 oC
following which it was quenched with saturated NaHCO3 and warmed upto room
temperature. The aqueous layer extracted with EtOAc (x3). The combined organic layers
were dried over anhydrous Na2SO4 and concentrated under reduced pressure. The crude
aldehyde 3.124 (50 mg, 81% yield) was used for the next step without any further
purification. 1H NMR (300 MHz, CDCl3) δ 9.83 (dd, J = 1.47, 2.7 Hz, 1H), 4.35 (m, 1H),
2.81-2.56 (m, 3H), 2.12 (d, J = 2.5 Hz, 1H), 2.00-1.75 (m, 2H), 1.19 (d, J = 7.1 Hz, 1H),
0.88 (s, 9H), 0.10 (s, 3H), 0.07 (s, 3H).
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Aldol product 3.126. To a solution of the chiral auxiliary 3.125 (32 mL, 0.31 mmol, 1.2
eq.) in CH2Cl2 ( 1.5 mL) at 0 oC was added Et3N ( 74 μL, 0.53 mmol, 2 eq.) and stirred at
that temperature for 1 h. The pale yellow solution was further cooled to -78 oC and a
solution of crude aldehyde 3.124 (64 mg, 0.26 mmol, 1 eq.) in CH2Cl2 (0.7 mL) was
added dropwise. The reaction mixture was stirred at -78 oC for 45 min. after which it was
slowly warmed up to room temperature. Upon completion (4 h, monitored by TLC), the
reaction mixture was diluted at 0 oC with pH7 phosphate buffer, MeOH (10 mL/mmol of
3.125), and H2O2 (30% H2O), 5 mL/mmol of 3.125) and extracted with CH2Cl2 (x3). The
combined organic layers were dried over anhydrous Na2SO4 and concentrated under
reduced pressure. Purification by flash chromatography (20% EtOAc/hexanes) gave the
desired product 3.126 as yellow oil (109 mg, 89% over 2 steps). IR (neat, NaCl): 3310,
2957, 2928, 2857 cm-1; 1H NMR (300 MHz, CDCl3) δ 4.72 (m, 1H), 4.26-4.05 (m, 4H),
3.73 (qd, J = 2.3, 6.7 Hz, 1Hz), 3.26 (dd, J = 3.3, 13.4 Hz, 1H), 3.10 (d, J = 1.1 Hz, 2H),
2.78 (dd, J = 9.5, 13.4 Hz, 1H), 2.70 (ddd, J = 2.5, 4.7, 7.1 Hz, 1H), 2.08 (d, J = 2.5 Hz,
1H), 1.84 (ddd, J = 2.4, 10.9, 13.7 Hz, 2H), 1.29 (d, J = 7.1 Hz, 1H), 1.17 (d, J = 7.1 Hz,
3H) 0.90 (s, 9H), 0.12 (s, 3H), 0.10 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 177.5, 153.2,
135.2, 129.6, 129.1, 127.6, 86.5, 71.2, 70.3, 68.0, 66.3, 60.5, 55.3, 43.1, 38.0, 36.2, 32.3,
26.1, 18.3, 14.8, 11.2 -4.4, -4.4; HRMS (FAB, MNa+) calculated for C26H40NO5Si
474.2684. Found 474.2682.
Diol 3.128. To a solution of aldol product 3.126 (50 mg, 0.11 mmol, 1eq.) in Et2O (0.5
mL) and H2O (2.8 μL, 0.16 mmol, 1.5 eq.) was added a 2M solution of LiBH4 in THF
(110 μL, 2 eq.). The reaction mixture was stirred at 0 oC for 1 h, after which it was
diluted with Et2O and quenched with 1M NaOH. The mixture was stirred at room
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temperature until 2 layers separated out. The aqueous layer extracted with EtOAc (x3).
The combined organic layers were dried over anhydrous Na2SO4 and concentrated under
reduced pressure. Purification by flash chromatography (40% EtOAc/hexanes) gave the
desired product 3.120 as colorless oil (21 mg, 68%). 1H NMR (300 MHz, CDCl3) δ 4.04
(m, 2H), 3.70 (d, J = 4.2 Hz, 2Hz), 2.89 (brs, 1H), 2.72 (m, 1H), 2.50 (brs, 1H), 2.09 (d, J
= 2.0 Hz, 1H), 1.84 (m, 2H), 1.54 (m, 1H), 1.16 (d, J = 7.1 Hz, 3H), 1.17 (d, J = 7.1 Hz,
3H) 0.92-0.90 (s, 12H), 0.12 (s, 3H), 0.10 (s, 3H);

13

C NMR (75 MHz, CDCl3) δ 86.7,

72.4, 71.4, 70.3, 67.1, 40.0, 35.9, 32.2, 26.0, 18.3, 15.4, 11.1 -4.4, -4.4.
PMP-acetal. To a solution of diol 3.128 (29 mg, 0.09 mmol, 1 eq.) in CH2Cl2 (2 mL) at
room temperature was added PPTS (1.2 mg, 4.82 μmol, 5 mol%) and sturred for 14 h.
The solvent was evaporated under reduced pressure and the residue was purified by
column chromatography (SiO2, 20% EtOAc in hexanes) to give the PMP-acetal as
colorless oil (31 mg, 78% yield). 1H NMR (300 MHz, CDCl3) δ 7.44 (d, J = 8.7 Hz, 2H),
6.90 (d, J = 8.8 Hz, 2H), 5.45 (s, 1H), 4.11-3.99 (m, 4H), 3.82 (s, 3H), 2.68-2.59 (m, 1H),
2.07 (d, J = 2.0 Hz, 1H), 1.97 (ddd, J = 2.3, 10.4, 14.01, 1H), 1.58 (brs, 1H), 1,54-1.43
(m, 2H), 1.20 (d, J = 7.0 Hz, 3H), 1.17 (d, J = 7.0 Hz, 3H) 0.92 (s, 9H), 0.09 (s, 3H), 0.06
(s, 3H).
TMS-acetylene 3.129. To a solution of PMP-acetal (28 mg, 0.06 mmol, 1 eq.) in THF
(0.5 mL) was added n-BuLi (40 μL, 0.1 mmol, 1.5 eq.) in one portion at -78 oC. The
reaction mixture was stirred for 30 min. following which TMSCl (12.6 μL, 0.1 mmol, 1.5
eq.) was added. The reaction mixture was further stirred for 30 min. warmed up to room
temperature over 1.5 h. The reaction was quenched with 1N HCl and extracted with
EtOAc. The combined organic layers were dried over anhydrous Na2SO4 and
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concentrated under reduced pressure to afford the TMS-acetylene 3.129 as colorless oil
(33 mg, quantitative). 1H NMR (300 MHz, CDCl3) δ 7.44 (d, J = 8.6 Hz, 2H), 6.89 (d, J
= 8.6 Hz, 2H), 5.44 (s, 1H), 4.10-3.99 (m, 4H), 3.82 (s, 3H), 2.67-2.59 (m, 1H), 2.06 (m,
1H), 1.52-1.37 (m, 2H), 1.20 (d, J = 7.0 Hz, 3H), 1.15 (d, J = 7.0 Hz, 3H) 0.91 (s, 9H),
0.15 (s, 9H), 0.11-0.07 (m, 6H).
PMB-protected alkenol 3.53. To a solution of alkenol 3.52 (100 mg, 0.39 mmol, 1 eq.)
in toluene (9 mL) was added PMBTCA (122 mL, 0.59 mmol, 1.5 eq.) and Cu(OTf)2
(7mg, 0.02 mmol, 5 mol%). The reaction mixture was stirred for 12h the solvent was
evaporated under reduced pressure and the residue was purified by column
chromatography (SiO2, 30% EtOAc in hexanes) to give the PMP-protected alkenol 3.53
as colorless oil (118 mg, 82% yield).
Aldehyde 3.54. To a solution of alkenol 3.53 (166 mg, 0.43 mmol, 1 eq.) in 1:1
dioxane:H2O (4.4 mL) was added 2,6-lutidine (103 μmL, 0.88 mmol, 2 eq.), OsO4 (2.5%
in iso-butanol, 111 μL, 8.86 μmol, 2 mol%) and NaIO4 (379 mg, 1.77 mmol, 4 eq.). The
reaction mixture was stirred for 2 h following which it was diluted with H2O. The
aqueous layer extracted with CH2Cl2 (x3). The combined organic layers were dried over
anhydrous Na2SO4 and concentrated under reduced pressure. The solvent was evaporated
under reduced pressure and the residue was purified by column chromatography (SiO2,
40% EtOAc in hexanes) to give the aldehyde 3.54 as colorless oil (121 mg, 73% yield).
TES-protected alkenol 3.55. To a solution of alkenol 3.52 (80 mg, 0.31 mmol, 1 eq.) in
DMF (0.8 mL) was added TESCl (71 mg, 0.47 mmol, 1.5 eq.) and DMAP (7mg, 0.06
mmol, 20 mol%). The reaction mixture was stirred for 12 h following which it was
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quenched with saturated solution of NH4Cl. The aqueous layer extracted with EtOAc
(x3). The combined organic layers were dried over anhydrous Na2SO4 and concentrated
under reduced pressure. The solvent was evaporated under reduced pressure and the
residue was purified by column chromatography (SiO2, 10% EtOAc in hexanes) to give
the TES-protected alkenol 3.55 as colorless oil (90 mg, 78% yield).
Aldehyde 3.56. To a solution of TBS-protected alkenol 3.55 (100 mg, 0.27 mmol, 1 eq.)
in CH2Cl2 (1.8 mL) was passed ozone until the solution turned pale blue. The round
botton flask was purged with O2 followed by argon. To the ozonoied was then reduced
with Me2S (199 mL, 2.71 mmol, 10 eq.) at -78 oC. The reaction mixture was warmed up
to room temperature over a period of 12 h. The solvent was evaporated under reduced
pressure and the residue was purified by column chromatography (SiO2, 20% EtOAc in
hexanes) to give the aldehyde 3.56 as colorless oil (70 mg, 70% yield).
Propargylic alcohol 3.74. To a solution of aldehyde 3.54 (26 mg, 69.06 μmol, 1 eq.) and
propargyl mesylate 3.72 (11 mg, 96.6 μmol, 1.4 eq.) in THF (0.2 mL) and HMPA (0.07
mL) was added Pd(dppf)Cl2 (5.6 mg, 6.90 μL, 10 mol%) and InI (25 mg, 0.10 mmol, 1.5
eq.). The reaction mixture was stirred for 3.5 h at room temperature, following which it
was diluted with H2O. The aqueous layer extracted with EtOAc (x3). The combined
organic layers were dried over anhydrous Na2SO4 and concentrated under reduced
pressure. The solvent was evaporated under reduced pressure and the residue was
purified by column chromatography (SiO2, 40% EtOAc in hexanes) to give the
propargylic alcohol 3.74 as colorless oil (24 mg, 89% yield).
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TBS–protected alcohol 3.76. To a solution of propargylic alcohol 3.74 (34 mg, 78.96
μmol, 1 eq.) in CH2Cl2 (0.8 mL) was added 2,6-lutidine (92 μL, 0.78 mmol, 10 eq.) and
TBSOTf ( 36 μL, 0.15 mmol, 2 eq.) at 0 oC. The reaction was stirred for 1 h at room
temperature following which it was diluted with H2O. The aqueous layer extracted with
EtOAc (x3). The combined organic layers were dried over anhydrous Na2SO4 and
concentrated under reduced pressure. The solvent was evaporated under reduced pressure
and the residue was purified by column chromatography (SiO2, 25% EtOAc in hexanes)
to give the TBS-protected alcohol 3.76 as colorless oil (30 mg, 70% yield).
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PMB-protected alkenol 3.53

7.9013
7.8931
7.8919
7.8771
7.8680
7.8632
7.6488
7.6406
7.6240
7.6206
7.6168
7.5760
7.5690
7.5494
7.5429
7.5256
7.5198
7.1941
7.1703
7.1664
6.8696
6.8662
6.8418
5.7648
5.7415
5.7072
5.1107
5.1063
5.0538
5.0345
5.0143
5.0068
4.5103
4.4732
4.4083
4.3710
4.3524
4.3131
4.2749
3.8649
3.8159
3.8007
3.7767
3.3603
3.3462
3.3257
3.3121
3.2991
3.2907
2.9409
2.9254
2.9102
2.8983
2.8940
2.8624
2.8516
2.3059
2.2840
2.2413
2.2207
2.1977
1.1639
1.1411
1.0972
1.0740

PMB-protected alkenol
NAME
EXPNO
PROCNO
Date_
Time
INSTRUM
PROBHD
PULPROG
TD
SOLVENT
NS
DS
SWH
FIDRES
AQ
RG
DW
DE
TE
D1
TD0

SR3200
10
1
20110121
17.16
spect
5 mm QNP 1H/1
zg30
65536
CDCl3
16
2
6172.839
0.094190
5.3084660
90.5
81.000
6.50
296.0
1.00000000
1

Hz
Hz
sec
usec
usec
K
sec

8.0

7.5

7.0

6.5

6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

3.0450

2.5259

0.5657

0.9666

0.5199
1.4701

0.3279
3.3913

1.9816

2.0475

1.0000

2.0877

1.9065

1.0893
2.0337

2.1641

======== CHANNEL f1 ========
NUC1
1H
P1
9.25 usec
PL1
0.00 dB
PL1W
15.07131863 W
SFO1
299.9158521 MHz
SI
32768
SF
299.9140052 MHz
WDW
EM
SSB
0
LB
0.30 Hz
GB
0
PC
1.00

2.0

1.5

1.0

ppm

PMB-protected alkenol 3.53

17.0425
14.8958

35.2348
34.9916
31.8100
30.8945

58.9438
58.5073
55.4097

81.4255
80.3627
77.6550
77.2312
76.8062
71.4829
71.1637

140.2259
140.0678
134.8648
134.0703
133.6985
133.6624
130.5185
130.4167
129.4923
129.4575
129.4046
129.3820
128.0030
127.9695
117.8328
117.3976
113.8785

159.3287

PMB-protected alkenol
NAME
EXPNO
PROCNO
Date_
Time
INSTRUM
PROBHD
PULPROG
TD
SOLVENT
NS
DS
SWH
FIDRES
AQ
RG
DW
DE
TE
CNST2
CNST11
D1
D20
TD0

SR3200
11
1
20110121
17.22
spect
5 mm QNP 1H/1
jmod
65536
CDCl3
148
4
17985.611
0.274439
1.8219508
16384
27.800
6.50
296.2
145.0000000
1.0000000
2.00000000
0.00689655
1

Hz
Hz
sec
usec
usec
K
sec
sec

======== CHANNEL f1 ========
NUC1
13C
P1
8.20 usec
P2
16.40 usec
PL1
-1.00 dB
PL1W
47.43416595 W
SFO1
75.4209766 MHz
======== CHANNEL f2 ========
CPDPRG2
waltz16
NUC2
1H
PCPD2
100.00 usec
PL2
0.00 dB
PL12
20.68 dB
PL2W
15.07131863 W
PL12W
0.12886982 W
SFO2
299.9151997 MHz
SI
32768
SF
75.4134267 MHz
WDW
EM
SSB
0
LB
1.00 Hz
GB
0
PC
1.40

170

160

150

140

130

120

110

100

90

80

70

60

50

40

30

20

10 ppm
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Propargylic alcohol 3.74.

7.9309
7.9126
7.9070
7.6820
7.6582
7.6348
7.6118
7.5902
7.5864
7.5643
7.5411
7.2699
7.2243
7.1938
7.1641
6.8796
6.8509
4.4860
4.4548
4.4471
4.4106
4.3726
4.3352
4.2736
4.2373
3.8081
3.7825
3.7126
3.7006
3.6823
3.6702
3.6024
3.4184
3.4112
3.3723
3.3654
3.1022
2.9478
2.9341
2.9259
2.8657
2.8328
2.7868
2.4706
2.4570
2.4474
2.1447
2.1367
2.1045
2.0964
1.7583
1.7409
1.7114
1.6186
1.5827
1.5737
1.5565
1.5489
1.2604
1.2171
1.1930
1.1900
1.1658
1.1431
1.1201

PMB protected western fragment, after Marshall's homopropargylation
NAME
EXPNO
PROCNO
Date_
Time
INSTRUM
PROBHD
PULPROG
TD
SOLVENT
NS
DS
SWH
FIDRES
AQ
RG
DW
DE
TE
D1
TD0

Sue
405304
1
20110513
10.54
spect
5 mm QNP 1H/1
zg30
65536
CDCl3
16
2
6172.839
0.094190
5.3084660
256
81.000
6.50
295.6
1.00000000
1

Hz
Hz
sec
usec
usec
K
sec

8.0

7.5

7.0

6.5

6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

6.1988

0.5709

0.9203
3.4618

1.0074

0.8530
1.2216

1.3539

0.5408

0.5368

2.9126
2.0882

1.9558

2.0000

1.8892

1.0584
2.1078

2.1179

======== CHANNEL f1 ========
NUC1
1H
P1
9.25 usec
PL1
0.00 dB
PL1W
15.07131863 W
SFO1
299.9158521 MHz
SI
32768
SF
299.9140054 MHz
WDW
EM
SSB
0
LB
0.30 Hz
GB
0
PC
1.00

1.5

1.0

0.5

0.0 ppm

TBS–protected alcohol 3.76

7.9058
7.8811
7.8563
7.6356
7.6315
7.6231
7.6074
7.5826
7.5697
7.5545
7.5484
7.5309
7.5060
7.4817
7.2395
7.1842
7.1609
7.1570
7.1333
6.8527
6.8470
6.8242
4.3511
4.2889
4.2522
4.1950
4.1581
3.7835
3.7758
3.3948
3.3896
3.3495
3.3441
2.8149
2.7686
2.6002
2.5909
2.5788
2.5676
2.0304
2.0227
2.0021
1.9942
1.6936
1.6725
1.6515
1.2330
1.1616
1.1463
1.1233
1.1096
1.1031
1.0872
1.0791
1.0631
1.0511
1.0395
0.8879
0.8477
0.8445
0.0416
0.0229
0.0003
-0.0179
-0.0291

TBS & PMB protected intermediate of the western fragment
NAME
EXPNO
PROCNO
Date_
Time
INSTRUM
PROBHD
PULPROG
TD
SOLVENT
NS
DS
SWH
FIDRES
AQ
RG
DW
DE
TE
D1
TD0

Sue
406805
1
20110617
17.47
spect
5 mm QNP 1H/1
zg30
65536
CDCl3
16
2
6172.839
0.094190
5.3084660
90.5
81.000
6.50
294.4
1.00000000
1

Hz
Hz
sec
usec
usec
K
sec

8.0

7.5

7.0

6.5

6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

5.9137

9.2569

6.1256

1.2872

0.8353

0.9404

1.8951

1.0241

0.6458

1.3470

0.5856
2.7017
0.6025

1.7942

1.8131

1.6643

3.0738

2.0000

======== CHANNEL f1 ========
NUC1
1H
P1
9.25 usec
PL1
0.00 dB
PL1W
15.07131863 W
SFO1
299.9158521 MHz
SI
32768
SF
299.9140142 MHz
WDW
EM
SSB
0
LB
0.30 Hz
GB
0
PC
1.00

0.5

0.0 ppm
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CHAPTER 4: Synthesis of Tetrahydrofuran-ring Containing Diastereoisomeric
Oxylipids from Australian Brown Algae

Roy, Sudeshna, 2012, UMSL, p.135
4.1 Oxylipids from Australian brown algae
Introduction
The oxylipids 4.1 and 4.2 (Figure 4.1) are isolated from Notheia anomala, a
member of Notheiaceae, order Chordaliales, which is a parasite growing on an Australian
brown algae.1 The structure and the relative stereochemistry were assigned on the basis of
spectral data analysis, X-ray Crystallography, and biomimetic synthesis.2 The
tetrahydrofuran-ring containing oxylipids are potent and selective class of nematocides
(anthelmintics) with activity against the free living stages of the larvae of parasitic
nematodes. The biological activity as well as the challenging 2,5-disubstituted-3oxygenated tetrahydrofuranyl (thf) motif makes them appealing candidates for total
synthesis. In fact, the oxylipids have been the targets for total synthesis for the past 3
decades. Additionally, the 2,5-disubstituted-3-oxygenated thf motif being an important
structural feature is abundant in many biologically active natural products. 3

Figure 4.1 Oxylipids isolated from southern Australian algae Notheia anomala.
With the discovery of new and improved synthetic transformations, the synthesis
of complex organic molecules has become more efficient. New enantio- and chemoselective reactions can be applied to form carbon-carbon and carbon-heteroatom bonds.
Therefore, new methods can greatly reduce the number of steps required for a given
synthesis.
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Syntheses of the oxylipids 4.1 and 4.2 have evolved with many improvements in
synthetic methodology that have taken place over the past 30 years. In 1984, Williams
and co-workers reported the first total synthesis of racemic 4.1.4 They achieved the
synthesis of 4.1 in 11 steps with an overall yield of 17% from an already advanced
intermediate. To date, there have been nine unique enantioselective syntheses of 4.1 with
overall yields between 2-26% and five enantioselective syntheses of 4.2 with overall
yields between 2-37%.

5-16

Additionally, racemic biomimetic syntheses of 4.1 and 4.2

from the corresponding bis-epoxides have been reported by Capon and co-workers.17
Only three of these syntheses are able to deliver both naturally occurring
diastereoisomeric oxylipids.13-15 This is not surprising since methods for the synthesis of
2,5-disubstituted tetrahydrofurans are often optimized for either the cis or trans isomer,
but typically not both. Perhaps the most efficient enantioselective synthesis was reported
by Britton and co-workers in 2009, wherein the natural diastereoisomers 4.1 and 4.2 were
prepared in 6 steps with 26% and 37% overall yields, respectively.15 In this chapter, the
synthetic efforts toward the 2,5-disubstituted-3-oxygenated tetrahyofurans will be
discussed. Britton’s synthesis of the diastereoisomeric oxylipids will also be elaborated.
Our synthetic strategy toward the diastereoisomeric oxylipids will be explained in detail
in the results and discussions section of this chapter.
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4.2 Williams thf-ring synthesis
Williams and co-workers synthesized the 2,5-disubstituted-3-oxygenated thf ring
via oxidation of benzylidene acetal with a suitably positioned hydroxyl group to generate
a highly stabilized carbocation (Scheme 4.1).4 The individual diastereomers obtained
from the cis and trans series (Cis-4.3 and Trans-4.4) were separated by chromatography
and subjected to the oxidation conditions using N-bromosuccinimide (NBS) in
chloroform (CHCl3) at room temperature. Although the strategy lacked specific
diastereoselctivity in obtaining the cis- and trans-thf isomers, the methodology is capable
of delivering both cis- and trans thf-rings. This strategy eventually led to the first racemic
synthesis of 4.1.
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Scheme 4.1 Williams’s thf synthesis
4.3 Takano’s thf ring synthesis
Takano and co-workers carried out a selenoetherfication of the benzyl ether
derivative 4.9 to assemble the 2,5-disubstituted-3-oxygenated thf ring found in the
oxylipids in Scheme 4.2.10 Cyclization of phenylselenyl chloride in dichloromethane at 78 oC gave a 3:1 inseparable mixture of the tetrahydrofurans 4.10 and 4.11 in 89% yield.
Using this strategy, Takano was able to achieve the first non-racemic synthesis of the
naturally occurring oxylipid 4.1.
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Scheme 4.2 Takano’s thf ring synthesis
4.4 Chikashita’s thf ring synthesis
Chikashita accomplished the thf ring synthesis required for oxylipids based on the
stereocontrolled reduction of cyclic hemiketals, followed by one-step cyclodehydration of
the corresponding diols (Scheme 4.3).8 The dianion generated from the optically pure
dithiane moiety by treatment of n-BuLi 4.12 was subjected to acylation with methyl
hexanoate. The cyclic hemiketal 4.13 was generated in 62% yield. The anti-diol 4.14 was
produced stereoselectively (11:1) by LiAlH4 reduction. Stereospecific one-step
cyclodehydration in presence of p-TsCl and pyridine resulted in the trans-thf ring 4.15 in
73% yield. (S)-glycidol was used by Chikashita to achieve the total synthesis of oxylipid
4.1.
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Scheme 4.3 Chikashita’s thf ring synthesis
4.5 Mori’s thf ring synthesis
Mori’s thf ring synthesis commenced with alkylation of the anion generated from
epoxide 4.16 on treatment with n-BuLi (Scheme 4.4).7 Epoxy sulfones 4.18 and 4.19
were generated as a 1:1 mixture of diastereomers in 82% yield and these were separated
by HPLC. Treatment of 4.18 with BF3•OEt2 led to a clean cyclization to 4.20 in 53%
yield along with the 29% of debenzylated product 4.21. The 5-endo cyclization to form
the tetrahydrofuranyl ketone was stereospecific in nature. The desired 2,5-disubstituted3-oxygenated thf ring 4.22 was obtained by NaBH4 reduction of the tetrahydrofuranyl
ketone 4.20 followed by Mitsunobu inversion of the unprotected hydroxyl group. The
reaction sequence eventually yielded the trans-thf containing oxylipid 4.1.
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Scheme 4.4 Mori’ thf synthesis
4.6 Martin’s thf synthesis
Martin and co-workers used β-hydroxy-γ-lactones as chiral building blocks to
access both the cis and trans-thf rings (Scheme 4.5).14 The β-hydroxy-γ-lactone 4.23 was
converted to the (E)-α,β-unsaturated ester 4.24 by reduction of the lactone to the
corresponding lactol by DIBAL-H followed by Horner-Wadsworth-Emmons (HWE)
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reaction. Further DIBAL-H reduction of (E)-α,β-unsaturated ester 4.24

to the

corresponding allylic alcohol 4.25 set the stage for accessing both cis- and trans-thf
isomers. Sharpless asymmetric epoxidation using either (R,R)-(+)-DET or (S,S)-(-)-DET
followed by concomitant epoxide ring opening generated the cis- and trans-thf rings
respectively in 82% yield. Using this strategy and subsequent modifications, Martin and
co-workers accomplished the total synthesis of both the naturally occurring diastereomers
4.1 and 4.2.

Scheme 4.5 Martin’s thf synthesis
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4.7 Yoda’s thf synthesis
Yoda and co-workers constructed the required 2,5-disubstituted-3-oxygenated thf
ring by the addition of a Grignard reagent (with CeCl3 as an additive) to the lactone 4.28
followed by stereoselective reduction of the hemiketal (Scheme 4.6).12 They observed
drastic improvements in stereoselectivity of the Et3SiH reduction in the presence of βOTBS group. The reaction sequence eventually led to synthesis of nonracemic oxylipid
4.2.

Scheme 4.6 Yoda’s thf synthesis
4.8 Lowary’s thf synthesis
Lowary and co-workers identified D-arabinose as a starting material to achieve
the desired thf rings in the oxylipids.11 The anhydro-derivative 4.31 derived from Darabinose was treated with LiAlH4 to selectively open up the epoxide ring. The 3-deoxy
arabinofuranoside derivative 4.32 was obtained in 82% along with the 2-deoxy isomer
4.33 which was formed in 6% (Scheme 4.7). The free hydroxyl group in 4.32 was
converted to a benzoyl ester which was then subjected to C-allylation using TMSOTf. A
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1.4:1 mixture of column separable tetrahydrofurans 4.34 and 4.35 was formed in 89%
yield which could not be optimized further to improve the diastereoselctivity. The
tetrahydrofurans 4.34 and 4.35 were elaborated further to accomplish the total synthesis
of 4.2 and its epimers.

Scheme 4.7 Lowary’s thf synthesis
4.9 de la Pradilla’s thf synthesis
The strategy involved a Katsuki-Jacobsen epoxidation of sulfinyl diene 4.36
which gave the monoepoxides 4.37 in 90:10 mixtures (Scheme 4.8).6 Subsequent
deprotection/cyclization

using

TBAF/CSA

provided

inseparable

mixtures

of

dihydrofurans 4.38. Conversion to the corresponding TBS-ether derivatives 4.39 assisted
in the separation of the dihydrofurans. KOOt-Bu mediated epoxidation resulted in the

Roy, Sudeshna, 2012, UMSL, p.145
sulfonyl oxirane 4.40 as a single isomer. Reductive cleavage of the sulfonyl oxirane 4.40
derivative using MgI2 followed by the stereoselective reduction of the resulting ketone by
L-selectride gave the alcohol 4.41 with moderate selectivity (85:15) (Scheme 4.8). Using
this protocol, de la Pradilla and co-workers were able to accomplish the formal synthesis
of 4.1.

Scheme 4.8 de la Pradilla’s thf synthesis
4.10 McErlean’s thf synthesis
McErlean and co-workers constructed the 2,5-disubstituted-3-oxygenated thf
rings 4.49 and 4.56 from the same epoxy alcohol precursors 4.43 and 4.44.5, 13 The epoxy
alcohols obtained from epoxidation of the homoallylic alcohol 4.42 using VO(acac)2 and
tert-butylhydroperoxide were not column separable and hence carried forward as a
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mixture. The cis- and trans-thf rings of the oxylipids 4.1 and 4.2 were obtained using a
divergent synthesis while employing similar type of chemistry.
The epoxy alcohols were homologated to their respective allylic alcohols 4.45 and
4.46

with

dimethylsulfonium

methylide in

quantitative

yield

(Scheme

4.9).

Semmelhack’s alkoxypalladation-carbonylation-lactonisation of the allylic alcohols
delivered the bicyclic lactones 4.47 and 4.48 as 2:1 mixture which was easily separated
by column chromatography. Reduction of the lactone to lactol by DIBAL-H followed by
Wittig reaction provided the trans-thf ring 4.49 as a mixture of geometric isomers. This
inconsequential mixture of geometric isomers was hydrogenated subsequently for
achieving the total synthesis of oxylipids.
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Scheme 4.9 McErlean’s trans-thf synthesis
McErlean carried out a Mitsunobu inversion of the epoxy alcohols 4.43 and 4.44
to install the desired stereochemistry required for the formation of the cis-thf ring
(Scheme 4.10). The esters 4.50 and 4.51 were obtained as a 1:2 mixture in high yield
using p-nitrobenzoic acid, triphenylphosphine, and dimethoxyethyl azodicarboxylate
(DMEAD). DMEAD facilitated the product separation due to the water soluble
byproducts. Hydrolysis of the ester followed by homologation with dimethylsulfonium
methylide

affored

the

allylic

alcohols

4.52

and

4.53.

Again,

employing

alkoxypalladation-carbonylation-lactonisation sequence led to the bicyclic lactones 4.54
and 4.44 which were separated easily. Finally, reduction of the lactone followed by
Wittig olefination afforded the desired cis-thf 4.56 isomer in good yield.
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Scheme 4.10 McErlean’s cis-thf synthesis
4.11 Britton’s synthesis of the oxylipids
The strategy used by Britton and co-workers is very flexible and allowed access
to different configurational 2,5-disubstituted-3-oxygenated thf isomers.15 The strategy is
based on coupling of lithium enolates with α-chloroaldehyde to provide the aldol adducts
in excellent diastereoselectivity (Scheme 4.11).18 The anti-chlorohydrin 4.58 was
produced from the coupling of (2R)-2-chloroheptanal and the lithium enolate derived
from acetophenone 4.57.
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Scheme 4.11 Lithium aldol reaction of α-chloroaldehydes
The approach used for the construction of the cis- and trans-thf isomers 4.60 and
4.61 for the naturally occurring oxylipids 4.2 and 4.1 involved a hydroxyl-directed
reduction of the ketones 4.59 followed by 5-exo-tet cyclization (Scheme 4.12). Initially,
base-promoted cyclizations (e.g. KOH, KH, NaH, Et3N) failed to give the desired
tetrahydrofurans and resulted in decomposition with varying amounts of the
corresponding epoxy alcohols. However, treatment of the chlorodiols with KOH in EtOH
afforded the epoxy alcohols cleanly in quantitative yield. Subsequent Lewis acid
catalyzed (BF3•OEt2) direct epoxide ring opening at room temperature resulted in the
tetrahydrofurans. Other diastereomers of the 2,5-disubstituted-3-hydroxytetrahydrofuran
scaffold were not readily accessible by this route. In an effort to access all the
diastereomers, Britton and co-workers investigated an alternative route that employed
silver triflate (AgOTf) mediated cyclization.

Scheme 4.12 Britton’s strategy for tetrahydrofuran synthesis
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Diastereoselective reductions of the ketocholorohydrin 4.58 was achieved by
using Me4NBH(OAc)319 to afford the 1,3-anti diol 4.61 (10:1 dr) and catecholborane20 to
provide the epimeric 1,3-syn diol 4.63 (>20:1 dr) in high yield (Scheme 4.13).

Scheme 4.13 Hydroxyl-directed reduction of ketochlorohydrins
AgOTf promoted cyclizations of the chlorodiols 4.62 and 4.63 disfavored the
epoxide formation and activated the nucleophilic attack by the distal alcohol moiety
(Scheme 4.14).21 Use of Ag2O as an additive, which acted as a triflic acid scavenger,
resulted in the thf isomers in good yields.22

Scheme 4.14 Synthesis of 3-hydroxyfurans
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Finally, short total syntheses of oxylipids 4.2 and 4.1 were accomplished by
ozonolysis followed by Grignard addition (Scheme 4.15). The tetrahydrofurans 4.64 and
4.65 were subjected to ozonolysis followed by reduction of the ozonoid by polymersupported triphenylphosphine (PS-PPh3). The crude aldehydes obtained were treated with
freshly prepared 8-nonenylmagnesium bromide in dichloroethane (DCE) to afford the
desired naturally occurring oxylipids. Britton and co-workers uncovered a remarkable
temperature dependence in the diastereoselectivity of the Grignard addition to the 3hydroxytetrahydrofurfural in DCE at elevated temperature.16 Chelation-controlled
addition was clearly favored in polar, non-coordinating solvents. Based on the DFT
studies, a γ-chelate between magnesium alkoxide and the aldehyde oxygen was very
important for the observed diastereoselectivity. The cis-thf containing oxylipid 4.2 was
obtained in 5.5:1 diastereoselctivity whereas the trans-thf containing oxylipid 4.1 was
obtained in 2.5:1 diastereoselectivity.

Scheme 4.15 Britton’s synthesis of oxylipids

Roy, Sudeshna, 2012, UMSL, p.152
4.12 Results and discussions
Retrosynthetic analysis
Our retrosynthetic analysis of the naturally occurring oxylipids revealed that the
tetrahydrofuran isomers could be obtained from a combination of alkene cross metathesis
and Pd(0)-catalyzed cyclization. As the cross metathesis and Pd(0)-catalyzed cyclization
protocol can produce both the cis and trans cyclic ethers, the strategy seemed to be ideal
for the syntheses of the 2,5-cis and 2,5-trans-oxygenated tetrahydrofuran rings in
oxylipids 4.1 and 4.2 (Scheme 4.16).23 Actually, any isomer of the 2,5-disubstituted-3hydroxyl thf can be synthesized by prudent choice of the coupling partners (e.g. 4.74 and
4.75) in the cross metathesis reaction. However, the success of the proposed chemistry
was dependent on a short enantioselective synthesis of the syn-diol 4.74 (Scheme 4.18).

Scheme 4.16 Retro synthetic analysis for the oxylipids
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4.12.1 Synthesis of 1,2-syn-diol 4.74
In general, α-Aminoxylation of aldehydes is an attractive route for the
enantioselective synthesis of chiral 1,2-diols.24 In 2003, MacMillan and co-workers25
reported proline-catalyzed cross-aldol reaction of aldehydes and documented the
asymmetric induction by L- or D-proline in enamine-catalyzed α-carbonyl oxidation. The
observed enantioselectivity as rationalized by Zhong24 involved a formation of E enamine
from the aldehyde and L-proline (Figure 4.2). The Si face in the chair transition state 4.67
approaches the less-hindered O-atom of nitrosobenzene (PhNO) to afford a chiral αaminoxyaldehyde with R configuration.

Figure 4.2 Proposed transition state of the α-aminoxylation of aldehydes
Yamamoto and co-workers26 in their study of O-nitrosoaldol reaction and
subsequent Grignard addition identified suitable conditions for the N-O bond cleavage
which leads to chiral 1,2-diols. The transition state proposed by them involved a
chelation of the aminoxylated aldehyde or ketone with MXn where, M = Mg or Ce
(Scheme 4.17). The metallated R′ species approaches from the less hindered Re face of
the activated carbonyl group 4.68. The N-O cleavage is caused by the single electron
transfer between the organometallic reagent and the aminoxylated aldehyde. Use of
CeCl3•2LiCl complex as an additive resulted in very high diastereoselectivity and high
overall yields.27
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Scheme 4.17 Yamamoto’s proposed transition state model for the synthesis of 1,2diols
The desired syn diol 4.74 was achieved using O-nitrosoaldol condensation of
heptaldehyde 4.70 catalyzed by D-proline. The resulting α-aminoxy aldehyde 4.71 was
treated directly with allylmagnesium chloride without any further purification to furnish
the 1,2-syn diol 4.74 in 75% isolated yield (Scheme 4.18). The undesired anti diol
formed in 5-10% were easily separated by column chromatography. Conversely, 1,2-syn
diol 4.74 was formed via the D-proline catalyzed O-nitrosoaldol (O-NA) reaction of 4pentenal 4.72 with 2-nitrosotoluene, followed by immediate addition of pentylmagnesium
bromide to the aminoxy aldehyde 4.73. However, using this route the isolated yield of the
1,2-syn diol 4.74 was significantly lower (40%).
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Scheme 4.18 Synthesis of syn-diol
4.12.2 Cross metathesis and palladium(0)-catalyzed cyclization
Cross metathesis and Pd (0)-catalyzed cyclization combination allows flexibility
and stereoselective access to different isomers of cyclic ethers as demonstrated by
Spilling and co-workers.23,

28

The synthesis and application of the simple phosphono

allylic carbonates in cross metathesis and Pd(0)-catalyzed cyclization have been
discussed in detail in Chapter 2.
Role of copper (I) halides in cross metathesis
In 1997 Grubbs29 reported the rate enhancement by copper (I) chloride (CuCl) in
his mechanistic study of olefin metathesis. CuCl, when used in conjunction with the
Grubbs I generation catalyst and other modified Grubbs I catalysts, drives the equilibrium
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toward the phosphine dissociation. It is believed that a highly reactive 14-electron
monophosphine catalyst is produced in the process. However other results suggested that
the CuCl•PR3 adduct chelates the ruthenium center via bridging chloride ligands.
Blechert30 reported a similar observation using CuCl, which significantly
enhanced the turnover in the Grubbs II mediated cross metathesis with acrylonitrile as
one of the coupling partners. Amongst all the copper (I) salts that were screened, CuCl
showed the best result. This metallic salt acts as a phosphine scavenger and results in a
highly reactive 14-electron, phosphine-free species which is susceptible to decomposition
of the active ruthenium carbene species. These observations suggests that CuCl, although
it enhancing the rate of the cross metathesis significantly, may end up destabilizing the
active catalyst.
Spilling and co-workers23,

28

investigated further the role of copper (I) halides

while studying the cross metathesis of simple racemic phosphosno allylic carbonates with
terminal hydroxyalkenes using Grubbs II catalyst. Without copper (I) halide, the reaction
required elevated temperatures, prolonged time and usually resulted in side reactions
thereby decreasing the yields. A moderate improvement in the reaction rate was observed
when CuCl was used as additive. However, best results were obtained when 10 mol% of
copper (I) iodide (CuI) was used along with 5mol% of Grubbs II catalyst. Reaction time
decreased from 3 days to 3 hours with complete conversions and significantly improved
isolated yields.
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Cross metathesis of syn diol and phosphono allylic carbonate
The cross metathesis reaction between the (S)-carbonate 4.75 (>95% ee) and syn
diol 4.74 using Grubbs II generation catalyst and CuI as an additive did not proceed as
anticipated (Scheme 4.20).23, 31 Surprisingly, dienal 4.79 was the major isolated product.
The desired cross metathesis product 4.78 was merely a minor component. Although
structurally similar diols undergoes cross metathesis successfully,32 there are few reports
of subsequent cleavage of the diol.33
CuI is used as a co-catalyst to improve the reaction rate of cross metathesis with
the phosphono allylic carbonate 4.75.23, 31 We believe that CuI acts as a phosphine sponge
to produce a 14-electron ruthenium species, but also destabilizes the active metal
alkylidene species in the process leading to decomposition.29, 30 The ruthenium species
generated as a result of this decomposition can potentially cleave the diol in the presence
of an oxidant.33b We believe aldehyde 4.79 is formed by oxidative cleavage (glycol type
cleavage) of the diol 4.78 by a high oxidation state ruthenium complex derived from the
Grubbs II catalyst in the presence of an oxidant, followed by elimination of methyl
carbonate [4.79] (Scheme 4.19).
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Scheme 4.19 Oxidative cleavage of diol
Therefore, the solution would be the use of a more robust catalyst system suitable
for electron deficient alkenes.34 Cross metathesis of syn diol 4.74 and phosphono allylic
carbonate 4.75 using a Hoveyda Grubbs second generation catalyst 4.77 led to a slower
reaction but with significantly improved product distribution. The oxidative cleavage was
reduced to less than 15% (Scheme 4.20). Even more surprisingly, the cross metathesis of
4.74 and 4.75 using Grubbs II catalyst 4.76 by itself (and no CuI) resulted in further
improvement in the yield of the product 4.78 to 74%. It also diminished the oxidative
cleavage to less than 5% as evidence by 31P NMR.
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Scheme 4.20 Oxidative cleavage in the cross metathesis of syn diol and (S)-carbonate

In a similar manner, the diastereoisomeric phosphono allylic carbonate 4.81 was
obtained in 74% isolated yield using Grubbs II catalyst 4.76 in the cross metathesis of syn
diol 4.74 and (R)-carbonate 4.80 (Scheme 4.21).
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Scheme 4.21 Cross metathesis of syn diol and (R)-carbonate with Grubbs II catalyst
Palladium (0)-catalyzed cyclization
Palladium(0)-catalyzed cyclization of the substituted phosphono allylic carbonate
4.78 afforded the 2,5-trans-tetrahydrofuranyl-(E)-vinyl phosphonate 4.82 in 93% isolated
yield (Scheme 4.22).

In a similar fashion, 2,5-cis-tetrahydrofuranyl-(E)-vinyl

phosphonate 4.83 was produced in 89% isolated yield. 5% of the 2,5-transtetrahydrofuranyl-(Z)-vinyl phosphonate 4.84 was also formed in the synthesis of the cisthf ring, which was separated by column chromatography.
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Scheme 4.22 Synthesis of vinyl phosphonate
Formation of the 2,5-trans-tetrahydrofuranyl-(Z)-vinyl phosphonate 4.84 can be
rationalized by the intermediacy of the equilibrating palladium species (Scheme 4.23).35
The syn, syn (π-allyl) species 4.85 formed initially can undergo nucleophilic attack and
form the E-vinyl phosphonate 4.83, which is the thermodynamic product. Alternatively, a
η3-η1 rearrangement leading to Cα-Cβ bond rotation followed by η1-η3 rearrangement
would provide the syn, anti (π-allyl) complex 4.88. Nucleophilic attack by hydroxyl
group to the syn, anti (π-allyl) complex would result in the trans-thf ring containing Z
isomer 4.84. Similar types of observations have been made by Spilling and others where
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varying amounts of the Z-vinyl phosphonates in the intramolecular addition of different
type of nucleophiles were formed.36-39

Scheme 2.23 Mechanism of intramolecular hydroxyl addition
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4.12.3 Oxidative cleavage and Grignard addition
Oxidative cleavage by ozonolysis
The

tetrahydrofuranyl

vinyl

phosphonates

were

transformed

into

the

corresponding alcohols for complete characterization (Scheme 4.24), which are also
potentially useful intermediates. The vinyl phophonates 4.82 and 4.83 were subjected to
ozonolysis followed by reduction of the ozonide with a large excess of DIBAL-H. The
diols 4.89 and 4.90 were formed in 70% and 81% isolated yields, respectively. Reduction
of the ozonide derived from vinyl phosphonate 4.82 with an excess of NaBH4 was
quicker and higher yielding, but also resulted in the formation of 5% of the C(9) epimer
of 4.89.

Scheme 4.24 Ozonolysis of vinylphosphonate
Synthesis of tetrahydrofurfurals and subsequent Grignard addition
Suitable conditions for the conversion of the vinyl phosphonates 4.82 and 4.83 to
their respective tetrahydrofurfurals 4.91 and 4.92 were investigated with the goal of
achieving a short and efficient total synthesis of oxylipids 4.1 and 4.2. Initially, the vinyl
phosphonates were subjected to ozonolysis followed by reduction of the ozonide with
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different reagents. Reduction of the ozonide derived from vinyl phosphonate 4.82 with
Me2S and polystyrene immobilized PPh3 (PS-PPh3) led to unsatisfactory results. In fact,
reduction of the ozonide with PS-PPh3 in CH2Cl2/MeOH gave a mixture of stable acetals
and hemicaetals, which failed to react with the Grignard reagent in the next step.
However, reduction of the ozonide with PS-PPh3 in CH2Cl2, followed by Grignard
addition with 8-nonenylmagnesium bromide, did give the desired oxylipid 4.1, albeit in a
low 30% yield. In order to improve the yield of the final step, we switched to oxidative
cleavage of the vinyl phosphonate using an osmium tetraoxide/sodium periodate
(OsO4/NaIO4) combination. The typical one pot method using a mixture of OsO4 and
NaIO4 in dioxane-water as solvent was extremely sluggish and failed to reach completion
even after 5 days.
However, the two-step process comprising of dihydroxylation of the vinyl
phosphonate 4.82 with OsO4 and NMO, followed by oxidative cleavage using NaIO4 in
CH2Cl2-H2O,

furnished

aldehyde

4.91

(Scheme

4.25).

The

hydroxylated

tetrahydrofurfurals are highly unstable, and therefore aldehyde 4.91 was immediately
subjected to the addition of freshly prepared 8-nonenylmagnesium bromide without
further purification (Scheme 4.25). The Grignard addition was carried out in polar, noncoordinating solvents at elevated temperature as reported by Britton and co-workers.16, 18
The trans-thf containing oxylipid 4.1 was formed by the chelation-controlled Grignard
addition, as the major product along with its C(10)-epimer in a 2.5:1 ratio and 63%
combined yield. The C9/C10 epimers were separated by column chromatography. Using
the similar method, C9/C10 epimeric natural product 4.2 was synthesized from vinyl
phosphonate 4.83 as the major product along with its column separable C(10)-epimer in
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68% combined yield and 4:1 ratio. The spectral data and the optical rotation of the natural
products 4.1 and 4.2 were complete coherence with the literature data.

Scheme 4.25 Syntheis of oxylipids
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4.13 Summary
In summary, α-aminoxylation of aldehydes have been thoroughly investigated,
which after a sequential Grignard addition provided a rapid and enantioselective access to
the 1,2-syn diol 4.74. A survey on the cross metathesis and the rate enhancement by CuI
have been discussed in detail. Grubbs II generation catalyst, when used alone, improved
the product distribution significantly and reduced the oxidation cleavage to less than 5%.
The substituted diastereomeric phosphono allylic carbonates 4.78 and 4.81 generated in
the cross metathesis step underwent palladium (0)-catalyzed cyclization smoothly.
However, bond rotation in the palladium-π-allyl species 4.85 was observed in the
formation of 2,5-cis-tetrahydrofuranyl-(E)-vinyl phosphonate 4.83 which resulted in
minor amount of Z isomer 4.84. Also, different strategies for the formation 2,5disubstituted-3-hydroxylated thf moieties pertaining to the synthesis of the naturally
occurring diastreomeric oxylipids, have been compared with our strategy. Not all
strategies are capable of forming both the cis and trans isomers. However, our strategy of
a cross metathesis and Pd(0)-catalyzed cyclization combination is capable of delivering
both the diastereomeric oxylipids as well as other differentially substituted thf isomers.
Finally, an efficient oxidative cleavage of the vinyl phosphonates 4.82 and 4.83 has been
explored using a two-step (one pot) process of OsO4 mediated dihydroxylation followed
by NaIO4 promoted cleavage of the diol. The crude unstable aldehydes 4.91 and 4.92
were

subjected

to

chelation

controlled

Grignard

addition,

which resulted in a very efficient and rapid syntheses (six steps) of the natural
diastereomeric oxylipids 4.1 and 4. 2 in 23% and 27% overall yield, respectively.
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4.14 Experimental methods and data
General Experimental Details
NMR spectra were recorded in CDCl3 at 300, 500 or 600 (1H), 75, 125 or 150 (13C) and
121 or 202 (31P) MHz, respectively. 1H NMR spectra were referenced to residual CHCl3
(7.27 ppm), 13C NMR spectra were referenced to the center line of CDCl3 (77.23 ppm),
and

31

P NMR spectra were referenced to external 85% H3PO4 (0 ppm). Coupling

constants, J, are reported in Hz. All reactions were carried out in oven dried glassware
under an atmosphere of argon unless otherwise noted. Tetrahydrofuran (THF) and diethyl
ether (Et2O) were dried by passing through activated alumina columns and then refluxed
over Na/benzophenone. Toluene (PhCH3), methylene chloride (CH2Cl2), and acetonitrile
(CH3CN) were dried over calcium hydride (CaH2). Methanol (CH3OH) and was dried
over magnesium. Reactions were monitored by thin-layer chromatography (TLC) carried
out on TLC silica gel 60 Å 254 μM plates using UV light or KMnO4 stain as a visualizing
agent and heat as a developing agent. Silica gel of particle size 230-400 mesh was used
for flash column chromatography.
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Synthesis of the syn diol 4.74.
Route A. From Heptaldehyde.

A solution of D-proline (11 mg, 0.1 mmol, 10 mol%) in CHCl3 (0.5 mL) was cooled to 4
o

C and stirred for 10 min. 2-Nitrosotoluene (121 mg, 1.00 mmol, 1 eq.) was added in one

portion, followed by heptaldehyde 4.70 (0.40 mL, 3.0 mmol, 3 eq.). The resulting
mixture was stirred for 2 h at 4 oC until complete conversion was achieved (TLC and
solution color changed from green to orange). The reaction mixture was diluted with
water and extracted with pentane (x3). The combined organic layers were dried over 4Å
molecular sieves, concentrated under reduced pressure and dried under high vacuum for
10 min to furnish the crude α-aminoxy aldehyde 4.71, which was used in the next step
without further purification. Allylmagnesium bromide (2M in THF, 2.5 mL, 5.0 mmol, 5
eq.) was added to CeCl3.LiCl1 (0.3M in THF, 16.67 mL, 5.0 mmol, 5 eq.) at -78 oC. The
solution was stirred for 30 min. at -78 oC and then α-aminoxy aldehyde 4.71 (1.0 mmol, 1
eq.) in THF (5 mL) was added. The reaction mixture was allowed to warm up to room
temp and was stirred for 16 h. The reaction was quenched with saturated NH4Cl solution
and 1N HCl and then it was extracted with EtOAc (x3). The combined organic layers
were dried with anhydrous Na2SO4 and concentrated under reduced pressure. Purification
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by flash chromatography (20% EtOAc/hexanes) gave the desired product 4.74 as yelloworange oil (0.129 g, 75% over 2 steps). TLC: Rf = 0.20 (20% EtOAc); [α]27D = -10.9 (c 1,
CHCl3); IR (neat, NaCl): 3371, 2955, 2929, 2858 cm-1; 1H NMR (300 MHz, CDCl3) δ
5.82 (m, 1H), 5.13 (m, 2H), 3.45 (m, 2H), 2.66 (brs, 2H), 2.29 (m, 2H), 1.45 (m, 3H),
1.32 (m, 5H), 0.88 (t, J = 6.7 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 134.7, 118.5, 74.1,
73.4, 38.5, 33.7, 32.0, 25.5, 22.8, 14.3; HRMS (FAB, MNa+) calculated for C10H20O2Na
195.1361. Found 195.1362.
Route B. From 4-pentenal

A solution of D-proline (11 mg, 0.1 mmol, 10 mol%) in CHCl3 (0.5 mL) was cooled to 4
o

C and stirred for 10 min. 2-Nitrosotoluene (121 mg, 1.0 mmol, 1 eq.) was added in one

portion, followed by 4-pentenal 4.72 (0.29 mL, 3.0 mmol, 3 eq.). The resulting mixture
was stirred for 1.5 h at 4 oC until complete conversion was achieved (TLC, solution color
changed from green to orange).

The reaction mixture was diluted with water and

extracted with pentane (x3). The combined organic layers were dried over 4Å molecular
sieves, concentrated under reduced pressure and dried under high vacuum for 10 min. to
furnish the α-aminoxy aldehyde 4.73, which was used in the next step without further
purification. Pentyl magnesium chloride (2M in Et2O, 2.5 mL, 5.0 mmol, 5 eq.) was
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added to CeCl3.LiCl1 (0.3M in THF, 16.67 mL, 5.0 mmol, 5 eq.) at -78 oC. The solution
was stirred fro 30 min. at -78 oC and then α-aminoxy aldehyde 4.73 (1.0 mmol, 1 eq.) in
THF (5 mL) was added. The reaction mixture was allowed to warm up to room temp. and
was stirred for 16 h. The reaction was quenched with saturated NH4Cl solution and 1N
HCl and then it was extracted with EtOAc (x3). The combined organic layers were dried
with anhydrous Na2SO4 and concentrated under reduced pressure. Purification by flash
chromatography (20% EtOAc/hexanes) gave the desired product 4.74 as yellow-orange
oil (66 mg, 40% over 2 steps).
Dienal 4.79. To a solution of (S)-carbonate 4.75 (43 mg, 0.19 mmol, 1 eq.) and syn-diol
4.74 (33 mg, 0.19 mmol, 1 eq.) in CH2Cl2 (0.5 mL) was added Grubbs II catalyst (8.0 mg,
9.6 μmol, 5 mol%) followed by CuI (3.6 mg, 19 μmol. 10 mol% ). The resulting mixture
was heated at reflux for 4 h. The reaction was monitored by

31

P NMR until complete

conversion. The solvent was evaporated under reduced pressure and the residue was
purified by column chromatography (SiO2, 100% EtOAc - 5% EtOH/EtOAc) to give the
dienal 4.79 (14.5 mg, 40%) as a brown oil. 1H NMR (500 MHz, CDCl3) δ 7.26 (m, 1H),
7.12 (dd, J = 10.8, 15.1 Hz, 1H), 6.36 (dd, J = 7.6, 15.3 Hz, 1H), 6.19 (t, J = 17.2, 1H),
3.79 (s, 3H), 3.76 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 193.1 (d, JCP = 5.8 Hz), 147.8
(d, JCP = 26.9 Hz), 145.1 (d, JCP = 5.9 Hz), 136.8, 126.3 (d, JCP = 187.8 Hz), 52.9. and the
phosphono allylic carbonate 4.78 (14 mg, 20% yield).
Phosphono allylic carbonate 4.78. To a solution of (S)-carbonate 4.75 (43 mg, 0.19
mmol, 1 eq.) and syn-diol 4.74 (33 mg, 0.19 mmol, 1 eq.) in CH2Cl2 (0.5 mL) was added
Grubbs II catalyst (8.0 mg, 9.6 μmol, 5 mol%). The resulting mixture was heated at
reflux for 4 h. The reaction was monitored by 31P NMR until complete conversion. The
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solvent was evaporated under reduced pressure and the residue was purified by column
chromatography (SiO2, 100% EtOAc - 5% EtOH/EtOAc) to give the pure phosphono
allylic carbonate 4.78 (52 mg, 74% yield) as brown oil. IR (neat, NaCl): 3411, 2957,
2856, 1754 cm-1; 1H NMR (300 MHz, CDCl3) δ 6.02 (m, 1H), 5.67 (m, 1H), 5.45 (dd, J =
7.3, 13.6 Hz, 1H), 3.82 (d, J = 10.7, 3H), 3.32 (s, 3H), 3.81 (d, J = 10.7 Hz, 3H), 3.52 (m,
1H), 3.42 (m, 1H), 2.49-2.2 (m, 2H+2OH), 1.44 (m, 2H), 1.3 (m, 6H), 0.89 (t, J = 6.6 Hz,
3H);

13

C NMR (75 MHz, CDCl3) δ 154.9 (d, JCP = 10.3 Hz), 134.5 (d, JCP = 12.2 Hz),

123.3 (d, JCP = 4.2 Hz), 73.1 (d, JCP = 193.8 Hz), 73.9, 73.4 (d, JCP = 2.7 Hz), 55.6, 54.2
(d, JCP = 6.9 Hz), 53.9 (d, JCP = 6.5 Hz), 37.3, 33.7, 32.0, 25.5, 22.8, 14.2; 31P NMR (121
MHZ, CDCl3) δ 20.4; HRMS (FAB, MH+) calculated for C15H30O8P 369.1678. Found
369.1674.
Phosphono allylic carbonate 4.81. Same procedure for synthesis of 4.78 was used for
the preparation of 4.81 from (R)-carbonate 4.80 (46 mg, 0.20 mmol, 1 eq.) and syn-diol
4.74 (36 mg, 0.20 mmol, 1 eq.) to yield the phosphono allylic carbonate 14 (56 mg, 74%)
as a brown oil. [α]26D = +15.7 (c 1, CHCl3); IR (neat, NaCl): 3406, 2956, 2930, 2858,
1754 cm-1; 1H NMR (300 MHz, CDCl3) δ 5.98 (m, 1H), 5.59 (m, 1H), 5.42 (dd, J = 7.8,
12.6 Hz, 1H), 3.78 (d, J = 10.6, 3H), 3.77 (s, 3H), 3.76 (d, J = 10.6 Hz, 3H), 3.43 (m,
1H), 3.36 (m, 1H), 2.31 (m, 1H), 2.25 (m, 1H), 1.38 (m, 3H), 1.25 (m, 5H), 0.84 (t, J =
6.4 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 154.8 (d, JCP = 9.4 Hz), 135.2 (d, JCP = 12.5
Hz), 122.9 (d, JCP = 4.2 Hz), 73.1 (d, JCP = 195.3 Hz), 73.8, 73.1 (d, JCP = 2.7 Hz), 55.5,
54.2 (d, JCP = 7.1 Hz), 54.0 (d, JCP = 6.5 Hz), 37.3, 33.6, 32.0, 25.5, 22.7, 14.1; 31P NMR
(202 MHz, CDCl3) δ 20.1; HRMS (FAB, MH+) calculated for C15H30O8P 369.1678.
Found 369.1674.
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Vinyl phosphonate (trans) 4.82. To a solution of carbonate 4.78 (35 mg, 95 μmol, 1 eq.)
in THF (0.5 mL), was added Pd(PPh3)4 (5.0 mg, 4.7 μmol, 5 mol%) followed by i-Pr2NEt
(66 μL, 0.38 mmol, 4 eq.) drop wise. The reaction was heated at 60 oC and stirred for 3 h.
The solvent was evaporated under reduced pressure and the residue was purified by
column chromatography (SiO2, 100% EtOAc) to give the vinyl phosphonate 4.82 as light
brown oil (25 mg, 93%). [α]22D = +14.7 (c 1.1, CHCl3); IR (neat, NaCl): 3417, 2953,
2929, 2855, 1634, 1465, 1233, 1035 cm-1; 1H NMR (300 MHz, CDCl3) δ 6.80 (ddd, JHH
= 4.2, 17.0, JHP = 22.1 Hz, 1H), 5.93 (ddd, JHH = 1.7, 17.0, JHP = 21.0 Hz, 1H), 4.80 (m,
1H), 4.28 (m, 1H), 3.83 (m, 1H), 3.74 (d, J = 11.1 Hz, 3H), 3.73 (d, J = 11.1 Hz, 3H),
2.27 (dd, J = 7.1, 13.5 Hz, 1H), 1.89 (ddd, J = 4.6, 9.2, 13.5 Hz, 1H), 1.60 (m, 2H), 1.34
(m, 6H), 0.91 (t, J = 6.7 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 154.0 (d, JCP = 5.1 Hz),
113.8 (d, JCP = 188.2 Hz), 83.3, 76.5 (d, JCP = 22.1 Hz), 73.2, 52.7 (d, JCP = 5.6 Hz),
52.6 (d, JCP = 5.6 Hz), 41.6, 32.2, 29.1, 26.2, 22.8, 14.2; 31P NMR (121 MHz, CDCl3) δ
21.56; HRMS (FAB, MNa+) calculated for C13H25O5PNa 315.1337. Found 315.1324.
Vinyl phosphonate (cis) 4.83. Same procedure for the synthesis of 4.82 was used for the
preparation of 4.83 from the carbonate 4.81 (74 mg, 0.20 mmol, 1 eq.) in THF (1 mL),
Pd(PPh3)4 (11 mg, 0.1 μmol, 5 mol%), i-Pr2NEt (139 L, 0.80 mmol, 4 eq.) to yield the
vinyl phosphonate 15 (52 mg, 89%) as light brown oil. [α]24D = -5.38 (c 1.15, CHCl3); IR
(neat, NaCl): 3405, 2954, 2930, 1637, 1458, 1236, 1027 cm-1; 1H NMR (300 MHz,
CDCl3) δ 6.89 (ddd, J = 4.6, 17.2, 22.0 Hz, 1H), 5.94 (ddd, J = 1.7, 17.1, 20.9 Hz 1H),
4.48 (m, 1H), 4.21 (m, 1H), 3.72 (d, J = 11.1 Hz, 3H), 3.72 (m, 1H), 2.48 (ddd, J = 5.5,
9.0, 14.0 Hz, 1H), 1.84 (ddd, J = 1.5, 5.1, 13.8 Hz, 1H), 1.69 (m, 2H), 1.32 (m, 6H), 0.89
(t, J = 6.9 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 154.8 (d, JCP = 5.3 Hz), 114.0 (d, JCP =
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188.0 Hz), 84.4, 76.9 (d, JCP = 22.3 Hz), 72.7, 52.7 , 52.6, 41.5, 32.1, 29.0, 26.2, 22.8,
14.2;
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P NMR (121 MHz, CDCl3) δ 22.25; HRMS (FAB, MNa+) calculated for

C13H25O5PNa 315.1333. Found 315.1337. and the

trans-furan ring-containing vinyl

phosphonate 4.84 (5%) with Z-geometry was also isolated.
Diol (trans) 4.89. Ozone was bubbled into a stirred solution of vinyl phosphonate 4.82
(28.0 mg, 95.8 μmol, 1 eq.) in CH2Cl2 (3.7 mL) at -78 oC until the solution turned pale
blue (~ 5 min). The reaction mixture was then purged with oxygen (5 min) followed by
argon gas (5 min) to remove excess of ozone. DIBAL-H (0.96 mL, 0.96 mmol, 10 eq.)
was added to the reaction mixture at -78 oC and the resulting mixture stirred for 10 min.
The solution was warmed to room temp and stirred for 2 h, and then it was cooled to -78
o

C, quenched with MeOH (0.5 mL) followed by saturated a solution of Rochelle’s salt (2

mL) and EtOAc (2 mL). The mixture was stirred for 5-6 h till 2 layers separated out. The
aqueous layer was re-extracted with EtOAc (x3). The combined organic extracts were
dried over anhydrous Na2SO4 and concentrated under reduced pressure. The residue was
purified by column chromatography (SiO2, 40% EtOAc/hexanes) to give the diol 4.89 as
colorless liquid (13 mg, 72%). IR (neat, NaCl): 3413, 2924, 2853 cm-1; 1H NMR (300
MHz, CDCl3) δ 4.34 (m, 1H), 4.27 (m, 1H), 3.79 (td, J = 2.8, 7.0 Hz, 1H), 3.69 (dd, J =
2.8, 11.7 Hz, 1H), 3.27 (dd, J = 5.9, 11.7 Hz, 1H), 2.00 (m, 2H), 1.64 (m, 2H), 1.34 (m,
6H), 0.90 (t, J = 6.4 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 83.0, 77.5 , 73.4, 65.1, 37.1,
32.2, 29.1, 26.2, 22.8, 14.2; HRMS (FAB, MH+) calculated for C10H21O3 189.1491.
Found 189.1495.
Diol (cis) 4.90. Diol 4.90 was obtained as colorless oil (13 mg, 81%) following the
procedure described above from vinyl phosphonate 4.83 (25.0 mg, 85.5 μmol, 1 eq.) in
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CH2Cl2 (3.3 mL) using DIBAL-H (0.85 mL, 0.85 mmol, 10 eq.). [α]25.5D = + 14.0 (c 0.4,
CHCl3); IR (neat, NaCl): 3343, 2954, 2859 cm-1; 1H NMR (300 MHz, CDCl3) δ 4.17 (m,
1H), 4.05 (m, 1H), 3.86 (dd, J = 2.3, 11.6 Hz, 1H), 3.65 (td, J = 2.5, 6.8 Hz, 1H), 3.52
(dd, J = 2.1, 11.6 Hz, 1H), 2.38 (ddd, J = 5.3, 10.1, 14.1 Hz, 1H), 1.89 (dd, J = 3.2, 14.1
Hz, 1H), 1.68 (m, 2H), 1.35 (m, 6H), 0.89 (t, J = 6.9 Hz, 3H);

13

C NMR (75 MHz,

CDCl3) δ 84.8, 77.1 , 71.8, 64.5, 37.6, 32.3, 29.0, 26.2, 22.8, 14.3; HRMS (FAB, MNa+)
calculated for C10H20O3Na 211.1310. Found 211.1314.

Oxylipid 4.1. To a solution of vinyl phosphonate 4.82 (25 mg, 85.52 µmol, 1eq.) in 1:1 tBuOH:H2O (6 mL) was added citric acid (13 mg, 64.14 µmol, 0.75 eq.) followed by
OsO4 (42.8 µL, 2.5% in t-BuOH, 3.42 µmol, 0.04 eq.) and NMO (12 mg, 0.102 mmol,
1.2 eq.). The reaction mixture was stirred for 3 h and monitored by

31

P NMR

spectroscopy. Upon completion, the reaction mixture was quenched with 1N HCl and
extracted with EtOAc (x3). The combined organic layers were dried over anhydrous
Na2SO4, filtered and concentrated under reduced pressure to give the pale yellow oil (28
mg, quantitative yield). 31P NMR (CDCl3) δ 26.98, 25.64. The crude product was used in
the next step without any further purification.
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The diol was dissolved in a 3:1 mixture of CH2Cl2:H2O (2.4 mL) then NaIO4 (55mg, 0.25
mmol, 3 eq.) was added. The reaction mixture was stirred for 1 h and then diluted with
brine and extracted with EtOAc (x3). The combined organic layers were dried over
anhydrous Na2SO4 and concentrated under reduced pressure to give the pale colorless oil
4.91 (15 mg). The crude product was used in the next step without any further
purification.
The crude aldehyde 4.91 was dissolved in dicholoroethane (2.5 mL) and freshly prepared
8-nonenyl magnesium bromide2 (2.4 mL, 0.94 mmol, 0.4 M, 11eq.) was added. The
reaction mixture was stirred at 40 oC for 2 h. The reaction was cooled to room
temperature, quenched with satd. NH4Cl solution and extracted with EtOAc (x3). The
combined organic layers were dried over anhydrous Na2SO4 and concentrated under
reduced pressure. Purification by flash chromatography (25% EtOAc/hexanes) gave the
desired product 1 and its C-10 epimer as a white solid (17 mg, 63% from 4.82, dr =
2.5:1). Further chromatography gave pure 4.1 [α]25D = +11.3 (c 0.9, CHCl3); IR (neat,
NaCl): 3400, 2925, 2855 cm-1; 1H NMR (300 MHz, CDCl3) δ 5.82 (m, 1H), 4.96 (m,
1H), 4.26 (m, 1H), 4.03 (dt, J = 6.6, 8.9 Hz, 1H), 3.76 (td, J = 2.6, 6.9 Hz, 1H), 3.38 (m,
1H), 2.33 (brs, 1H), 2.04 (m, 3H), 1.88 (ddd, J = 4.5, 9.0, 13.5 Hz, 1H), 1.63 (m, 1H),
1.44-1.26 (m, 20H), 0.90 (t, J = 5.8 Hz, 3H);

13

C NMR (125 MHz, CDCl3) δ 139.4,

114.3, 82.7, 80.4, 74.3, 73.7, 38.1, 34.0, 33.4, 32.2, 29.9, 29.7, 29.3, 29.1, 29.0, 26.2,
25.8, 22.8, 14.2; HRMS (FAB, MNa+) calculated for C19H36O3Na 335.2562. Found
335.2570.

Roy, Sudeshna, 2012, UMSL, p.176

Oxylipid 4.2. To a solution of vinyl phosphonate 4.83 (25 mg, 85.52 µmol, 1eq.) in 1:1 tBuOH:H2O (6 mL) was added citric acid (13 mg, 64.14 µmol, 0.75 eq.) followed by
OsO4 (42.8 µL, 2.5% in t-BuOH, 3.42 µmol, 0.04 eq.) and NMO (12 mg, 0.102 mmol,
1.2 eq.). The reaction mixture was stirred for 3 h and monitored by

31

P NMR

spectroscopy. Upon completion, the reaction mixture was quenched with 1N HCl and
extracted with EtOAc (x3). The combined organic layers were dried over anhydrous
Na2SO4 and concentrated under reduced pressure to give the pale yellow oil (28 mg,
quantitative yield). 31P NMR (CDCl3) δ 26.98, 25.64. The crude product was used in the
next step without further purification.
The diol was dissolved in a 3:1 mixture of CH2Cl2:H2O (2.4 mL) and NaIO4 (55mg, 0.25
mmol, 3 eq.) was added. The reaction mixture was stirred for 1 h and then diluted with
brine and extracted with EtOAc (x3). The combined organic layers were dried over
anhydrous Na2SO4 and concentrated under reduced pressure to give the pale colorless oil
4.92 (15 mg). The crude product was used in the next step without further purification.
The crude aldehyde 4.92 was dissolved in dicholoroethane (2.5 mL) and freshly prepared
8-nonenyl magnesium bromide2 (2.4 mL, 0.94 mmol, 0.4 M, 11eq.) was added. The
reaction mixture was stirred at 80 oC for 1 h., and then it was cooled to room temperature,
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quenched with satd. NH4Cl solution and extracted with EtOAc (x3). The combined
organic layers were dried over anhydrous Na2SO4 and concentrated under reduced
pressure. Purification by flash chromatography (15% EtOAc/hexanes) gave the desired
product 4.2 and its C-10 epimer as a white solid (18 mg, 68% from 4.83, dr = 4:1).
Further chromatography gave the pure product 4.2. [α]24D = +18.0 (c 0.3, CHCl3); IR
(neat, NaCl): 3397, 2925, 2854 cm-1; 1H NMR (300 MHz, CDCl3) δ 5.82 (m, 1H), 4.96
(m, 1H), 4.05 (dd, J = 2.7, 5.3 Hz, 1H), 3.96 (dt, J = 2.8, 9.7 Hz, 1H), 3.64 (td, J = 2.6,
6.8 Hz, 1H), 3.48 (ddd, J = 2.2, 5.1, 8.7 Hz, 1H), 2.39 (ddd, J = 5.6, 9.2, 14.7 Hz, 1H),
2.04 (dd, J = 6.9, 14.3 Hz, 3H), 1.85 (dd, J = 3.4, 14.1 Hz, 1H), 1.68-1.54 (m, 1H), 1.391.26 (m, 19H), 0.90 (t, J = 6.8 Hz, 3H);

13

C NMR (75 MHz,6CDCl3) δ 139.4, 114.4,

84.6, 79.3, 74.2, 71.8, 39.0, 34.6, 34.4, 32.3, 29.7, 29.6, 29.3, 29.1, 29.0, 26.2, 26.1, 22.8,
14.3; HRMS (FAB, MNa+) calculated for C19H36O3Na 335.2562. Found 335.2559.
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